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ABSTRACT 
Any o b j e c t or e n t i t y moving i n an open environment r e q u i r e s , t o g e t h e r 
w i t h c e r t a i n n a v i g a t i o n a l s k i l l s , the c a p a c i t y t o avo i d c o l l i s i o n s . Such 
a b i l i t y presupposes: manoeuvrability; awareness o f the nature o f , and 
a b i l i t y t o d e t e c t , p o t e n t i a l hazards; and i n n a t e i n t e l l i g e n c e t o 
fo r m u l a t e , e v a l u a t e , and implement a p p r o p r i a t e avoidance s t r a t e g i e s . 
The maritime environment, and vessels moving w i t h i n i t , p r o v i d e a 
c l a s s i c i l l u s t r a t i o n of the problems and p r i n c i p l e s of c o l l i s i o n 
avoidance i n two-dimensional space. Events i n recent years, l e a d i n g t o 
lo s s of l i f e , wastage of resources and p o l l u t i o n of the environment, 
have h i g h l i g h t e d the l i m i t e d success being achieved i n t h i s area. I n 
most cases human e r r o r has been i d e n t i f i e d as the major f a c t o r ; e r r o r s 
of judgement consequent on e i t h e r a f a l s e sense o f s e c u r i t y o r (more 
o f t e n ) i n f o r m a t i o n overload - an excess of data from v a r i o u s sources, t o 
be processed i n l i m i t e d time. 
This t h e s i s d escribes the development of a shipboard expert system f o r 
marine c o l l i s i o n avoidance. This system, t o be operated i n a 
microcomputer on the b r i d g e , analyses a l l p e r t i n e n t data on an encounter 
w i t h another vessel and formulates an o p t i m a l s t r a t e g y t o deal w i t h t he 
s i t u a t i o n . D e t a i l e d i n f o r m a t i o n on own-ship*s c h a r a c t e r i s t i c s , i n c l u d i n g 
a mathematical manoeuvring model, i s held i n the knowledge base. 
S i t u a t i o n a l data r e l a t i n g t o own-ship, p o t e n t i a l hazards and any o t h e r 
r e l e v a n t f a c t o r s are t o be i n p u t v i a on-board sensors, i n c l u d i n g ARPA 
(Automatic Radar P l o t t i n g A i d ) ; keyboard i n p u t i s an a d d i t i o n a l o p t i o n . 
The user i n t e r f a c e makes extensive use o f an advanced WIMPS (Windows-
Icons-Mouse-Pointer System) environment; s c r o l l a b l e t e x t and graph i c s 
windows provide the main d i s p l a y ; menus and di a l o g u e boxes provide f o r 
i n p u t and c o n t r o l f u n c t i o n s ; a l l user f a c i l i t i e s are mouse-operated. 
The system l o g i c i n c o r p o r a t e s f a c i l i t i e s f o r emergency manoeuvring, and 
the p o t e n t i a l f o r extension t o handle m u l t i - s h i p encounters; d i r e c t 
i n p u t and c o n s i d e r a t i o n of e l e c t r o n i c c h a r t data on c o a s t a l f e a t u r e s and 
shi p p i n g lanes has also been a n t i c i p a t e d i n the design. These issu e s are 
considered i n some depth i n the t h e s i s , and form the basis o f two new 
research p r o j e c t s now i n progress. 
The system has been v a l i d a t e d f o r two-ship encounters i n the open sea, 
through expert a p p r a i s a l of simulated manoeuvres and random s i m u l a t i o n 
of l a r g e numbers of encounters; sea t r i a l s on board a research vessel 
have shown i t t o be seaworthy and e f f e c t i v e i n p r a c t i c a l o p e r a t i o n . 
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CHAPTER 1 
INTRODUCTION 
"The distance doesn't matter; i t i s only the f i r s t step t h a t i s 
d i f f i c u l t . " Marquise du Deffand 
1.1 C o l l i s i o n Avoidance As A Way of L i f e 
I t i s perhaps s t a t i n g the obvious t o observe t h a t the process of en t r o p y 
- the i r r e v e r s i b l e l e v e l l i n g of energy s t a t e s throughout the univ e r s e -
i s d i r e c t l y a t t r i b u t a b l e t o c o l l i s i o n s o f a l l types and magnitudes. At 
the macrocosmic l e v e l , c e l e s t i a l bodies and/or clouds o f dust and gases 
i n t e r a c t i n c o l l i s i o n s i n a way t h a t reduces the net p o t e n t i a l o f those 
systems; the rock pounding a t a c l i f f face under the f o r c e o f heavy seas 
both reduces i t s e l f t o s h i n g l e and erodes the land mass ( a t t h e same 
time d i s s i p a t i n g wave energy); a t the molecular l e v e l , Brownian motion 
i l l u s t r a t e s the t r a n s f e r of energy from fast-moving t o slower-moving 
p a r t i c l e s ( a l s o e v i d e n t i f one holds a metal poker i n the f i r e too 
l o n g ) . I n every case, order reduces t o d i s o r d e r , i n d i v i d u a l i t y t o bland 
u n i f o r m i t y . 
L i f e , i n i t s myriad forms, i s c h a r a c t e r i s e d by a high l e v e l o f order and 
d i f f e r e n t i a l energy l e v e l s w i t h i n i t s s t r u c t u r e . E x t e r n a l i n f l u e n c e s 
which a f f e c t t h a t o r d e r , or i n t e r f e r e w i t h those energy l e v e l s , w i l l 
cause the degradation ( p o s s i b l y the t e r m i n a t i o n ) of t h a t l i f e f o r c e 
w i t h i n any organism. 
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For some lower l i f e forms, p r o t e c t i o n a g a i n s t such d i s r u p t i o n i s 
a f f o r d e d by a combination of low p r o p u l s i o n v e l o c i t y ( o r a s t a t i c 
e x i s t e n c e ) , coupled w i t h e i t h e r a durable outer s h e l l or a s u i t a b l y 
e l a s t i c body s t r u c t u r e . A l l other organisms i n c o r p o r a t e sensory and 
motor f u n c t i o n s which should, i n the normal course of events, enable 
them t o avoid damaging o r l i f e - t h r e a t e n i n g c o l l i s i o n s w i t h f i x e d or 
moving o b j e c t s ( i n c l u d i n g other organisms). Furthermore, such l i f e - f o r m s 
have evolved s t r a t e g i e s f o r i d e n t i f y i n g p o t e n t i a l c o l l i s i o n s and 
manoeuvring s a f e l y through such encounters. The a b i l i t y o f the humble 
housefly t o avoid a fast-moving newspaper, and the t i n y p i p i s t r e l l e bat 
manoeuvring a t speed through densely-packed t r e e branches, both 
i l l u s t r a t e t h i s n e a r - u n i v e r s a l concept. 
The human species i s g e n e r a l l y regarded as being the most h i g h l y 
developed i n terms of reasoned (as opposed t o i n s t i n c t i v e ) a c t i o n . We 
have also adopted techniques and s t r a t e g i e s observed i n other species; 
f o r example, radar, a major f e a t u r e o f t h i s t h e s i s , i s but a v a r i a n t of 
the n a v i g a t i o n i n s t r u m e n t a t i o n f i t t e d as standard i n the aforementioned 
bat. I n t h i s v i t a l f i e l d of c o l l i s i o n avoidance, t h e r e f o r e , a study of 
human behaviour p a t t e r n s i s a u s e f u l p r e p a r a t i o n f o r any attempt t o 
automate or program the process. 
C e r t a i n general p r i n c i p l e s may be gleaned from personal experience by 
anyone who has walked down an average shopping s t r e e t . I f the f o l l o w i n g 
o b s e r v a t i o n s , drawn from such experience, seem so obvious as t o be not 
worth s t a t i n g , i t should be remembered t h a t any expert system must be 
b u i l t upon such fundamental t r u t h s . 
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1) P o t e n t i a l hazards may be c l a s s i f i e d as * s t a t i c * (lamp-posts, p i l l a r 
boxes, e t c . ) or 'dynamic' (another person, dog, e t c ) . A s t a t i c 
hazard w i l l not ever take a v o i d i n g a c t i o n i t s e l f , but n e i t h e r w i l l 
i t increase the problem by t a k i n g untoward a c t i o n ; by c o n t r a s t , a 
dynamic hazard may reduce or exacerbate the problem by i t s own 
a c t i o n s . 
2) I f a s t a t i c hazard i s not on, or very close t o , one's s e t course, 
i t may be ignored - u n t i l , p o s s i b l y , i t becomes a c o n s i d e r a t i o n 
because of a change of course- I f such a hazard i s on or c l o s e t o 
one's course ( e i t h e r o r i g i n a l l y or due t o a course change), then 
t h a t course must be a d j u s t e d so t h a t t h i s i s no longer the case. 
3) A dynamic hazard may be ignored u n t i l i t comes w i t h i n reasonable 
range - i t i s not normal or reasonable t o concern oneself w i t h the 
p o t e n t i a l hazard posed by every other p e d e s t r i a n w i t h i n s i g h t ! Note 
t h a t the term 'reasonable range' here i m p l i e s a time c o n s t r a i n t - a 
skateboarder bearing down on one from 30 metres away would probably 
m e r i t a t t e n t i o n , whereas an o l d lady 20 metres away would n o t . Once 
t h a t hazard comes w i t h i n such range a plan i s formulated ( u s u a l l y 
subconsciously) as t o a p p r o p r i a t e a v o i d i n g a c t i o n , i f any, and put 
i n t o a c t i o n immediately. 
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A) There are no set p r i o r i t i e s or p r o t o c o l s f o r p e d e s t r i a n c o l l i s i o n 
avoidance- Simultaneous a v o i d i n g a c t i o n s by two people may cancel 
each other o u t ; another person may f a i l t o take a c t i o n as 
reasonably expected, or even c r e a t e a p o t e n t i a l c o l l i s i o n s i t u a t i o n 
unexpectedly a t a l a t e stage through negligence or 
misunderstanding. I n d i v i d u a l s tend t o adopt 'personal s t r a t e g i e s ' 
such as always w a l k i n g on the l e f t , always t a k i n g c l e a r give-way 
a c t i o n a t an e a r l y stage, or ( c o n v e r s e l y ) always a c t i n g on the 
assumption t h a t the other p a r t y w i l l g i v e way. I n g e n e r a l , however, 
r i g h t o f way w i l l be given t o a p e d e s t r i a n w i t h ' r e s t r i c t e d a b i l i t y 
t o manoeuvre' - o l d lady w i t h w a l k i n g frame, mother pushing pram, 
e t c . 
5) The task of evading an a n t i c i p a t e d c o l l i s i o n w i t h a dynamic hazard 
i n v o l v e s : ( a ) assessment o f v e l o c i t y v e c t o r s f o r s e l f and hazard, 
and r e l a t i v e displacement v e c t o r f o r hazard; ( b ) e x t r a p o l a t i o n of 
t r a c k s t o l i k e l y p o i n t of impact; ( c ) c o n s i d e r a t i o n of v a r i o u s 
c o l l i s i o n avoidance s t r a t e g i e s - t u r n i n g (which way? how f a r ? ) , 
change of pace ( f a s t e r ? slower? how much?), v o c a l warning ( l a s t 
r e s o r t ! ) - w i t h due regard f o r other hazards, both s t a t i c and 
dynamic; ( d ) c a r e f u l a t t e n t i o n to r e s t r i c t e d t r a f f i c lanes 
(pavements) where a p p r o p r i a t e ; ( e ) c o n t i n u a l v i g i l a n c e throughout 
the 'manoeuvre', i n case hazard takes unexpected a c t i o n . A l l t h i s 
w i t h o u t conscious thought, w h i l s t numerous oth e r issues are being 
'processed' a t a conscious l e v e l - shopping l i s t s , bus t i m e - t a b l e s , 
cash-in-hand, plans f o r evening meal, e t c . 
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6) I t appears t o be common p r a c t i c e f o r pedestrians t o attempt t o 
preserve a 'personal zone' around them, f r e e o f hazards ( B r i t i s h 
r e s e r v e ? ) , and t o conduct manoeuvres on t h a t basis. This zone would 
appear t o be v a r i a b l e , reducing i n s i z e i n s i t u a t i o n s of h i g h -
d e n s i t y t r a f f i c . 
1.2 C o n t r o l and Guidance of Mechanised Systems 
I n a t t e m p t i n g t o order and s t r u c t u r e h i s environment, man has i n t r o d u c e d 
a v a r i e t y of t r a n s p o r t systems which ( g e n e r a l l y ) operate under 
i n t e l l i g e n t c o n t r o l . Since such systems are s i m i l a r l y capable of 
s u s t a i n i n g , and causing, reduced f u n c t i o n a l i t y as a consequence of a 
c o l l i s i o n , t h a t g u i d i n g i n t e l l i g e n c e must take r e s p o n s i b i l i t y f o r any 
necessary avoidance manoeuvres. Depending on circumstances, the problem 
may be set i n one, two or three dimensions (examples: r a i l w a y s , road 
t r a f f i c , and a i r c r a f t r e s p e c t i v e l y ) , which o f f e r v a r y i n g degrees of 
scope f o r a v o i d i n g a c t i o n . T y p i c a l speeds a t which such a c t i o n must be 
taken w i l l a l s o vary c o n s i d e r a b l y between d i f f e r e n t types o f moving 
o b j e c t s ; t h i s w i l l a f f e c t the nature and s e v e r i t y o f the avoidance 
problem, as w i l l t r a f f i c d e n s i t y . 
The o v e r r i d i n g f a c t o r i n deter m i n i n g s t r a t e g y must be the cost f u n c t i o n 
associated w i t h any c o l l i s i o n , i n terms o f both damage t o p r o p e r t y and 
r i s k t o human l i f e - o f f s e t by co s t s o f avoidance, such as l o s s o f time, 
f u e l wastage e t c . The e x t e n t o f the damage i n any c o l l i s i o n , and thus 
the c o s t , i s l i k e l y t o be l a r g e l y speed-dependent. Other f a c t o r s , such 
as i n e r t i a and r e s i l i e n c e / f r a g i l i t y , a l s o enter the cost equation i n 
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a d d i t i o n t o i n t r i n s i c value, A f u r t h e r c o n s i d e r a t i o n i n c e r t a i n cases 
must be second-stage e f f e c t s of c o l l i s i o n - consider the end r e s u l t o f a 
c o l l i s i o n i n v o l v i n g l o s s o f a r e l a t i v e l y inexpensive s e c t i o n o f w i n g t i p 
from an a i r l i n e r i n f l i g h t , or the consequences of an otherwise 'minor' 
c o l l i s i o n which happens t o i n v o l v e a t r u c k loaded w i t h high e x p l o s i v e . 
I t would not do t o c a r r y the p a r a l l e l too f a r between p e d e s t r i a n 
encounters and those i n v o l v i n g mechanised forms of t r a n s p o r t . However, 
most o f the concepts h i g h l i g h t e d i n the previous s e c t i o n are f a i r l y 
u n i v e r s a l : the * personal space', a l s o termed the 'domain'; the time-
based 'area o f concern'; v e c t o r c a l c u l a t i o n s , e x t r a p o l a t i o n s , and 
s t r a t e g i e s f o r avoidance (as d e t a i l e d i n chapter 5 ) . The major 
d i f f e r e n c e i s the cost f u n c t i o n - low ( i n gen e r a l ) f o r p e d e s t r i a n 
c o l l i s i o n s , v a r y i n g from s u b s t a n t i a l t o ast r o n o m i c a l i n the case o f the 
va r i o u s forms o f t r a n s p o r t . For t h i s reason, the c o l l i s i o n avoidance 
p r o t o c o l s f o r mechanised t r a n s p o r t are r i g i d l y f o r m a l i s e d and, i n most 
cases, enforced by the r u l e of law. 
Despite such f o r m a l i s a t i o n , c o l l i s i o n s s t i l l occur, a l l too o f t e n . 
Almost wi t h o u t e x c e p t i o n , the cause i s i d e n t i f i e d as 'Human E r r o r ' , 
i n d i c a t i n g e i t h e r m i s i n t e r p r e t a t i o n of the s i t u a t i o n or f a i l u r e t o apply 
the a p p r o p r i a t e r u l e s c o r r e c t l y . I n some cases t h i s may be put down t o 
lac k o f v i g i l a n c e , i n others confusion due to an i n a b i l i t y t o a s s i m i l a t e 
a l l of the r e l e v a n t data from v a r i o u s sources - o f t e n a t the same time 
as having t o handle v a r i o u s other v e h i c l e management tasks, ^^/hicheve^ i s 
the case, the s i t u a t i o n would c l e a r l y be eased i f the task o f c o l l a t i n g 
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the data, i d e n t i f y i n g the s i t u a t i o n , and a d v i s i n g on the a p p r o p r i a t e 
s t r a t e g y could be delegated t o an automated system. T h i s system would be 
r e q u i r e d t o show the same e x p e r t i s e , i n terms of background knowledge 
and i n t e l l i g e n t decision-making, as the human exp e r t p r a c t i t i o n e r . Such 
a system - an Expert System f o r C o l l i s i o n Avoidance - i s the s u b j e c t o f 
t h i s research. 
Rather than t a k i n g a 'broad brush* approach t o the whole realm of 
c o l l i s i o n avoidance, t h i s t h e s i s addresses one p a r t i c u l a r area of 
a p p l i c a t i o n , namely the maritime s e t t i n g . There i s a very r e a l need f o r 
such automated d e c i s i o n support f o r mariners, s h i p p i n g losses being i n 
the order of 1000 tons per week due t o c o l l i s i o n or grounding [ 1 ] , The 
i n f o r m a t i o n handling requirements of sea t r a v e l are w e l l s u i t e d t o 
support by an I n t e l l i g e n t Knowledge-Based System (IKBS). 
L i f e on board ship may vary between two extremes, i n terms o f the 
i n f o r m a t i o n being received and analysed i n respect of p r e v a i l i n g 
c o n d i t i o n s . On e x i t from, or entrance t o , a p o r t , or w h i l s t n e g o t i a t i n g 
a busy seaway, th e r e i s a p l e t h o r a of i n f o r m a t i o n a r r i v i n g a t the bridge 
from a wide v a r i e t y of sources - radar, r a d i o , n a v i g a t i o n systems, 
communication from other p a r t s of the s h i p , o b s e r v a t i o n s from those on 
watch. Such i n f o r m a t i o n must be c o l l a t e d and t r a n s l a t e d i n t o a p p r o p r i a t e 
a c t i o n . I t has been observed [ 2 ] t h a t i n cases of * i n f o r m a t i o n overload* 
the human b r a i n w i l l tend t o blank out elements of i n f o r m a t i o n which i t 
cannot handle - p o s s i b l y i n f o r m a t i o n v i t a l t o the s a f e t y o f the s h i p and 
her crew. 
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At the other extreme, there are periods on a sea passage where no 
hazardous s i t u a t i o n presents i t s e l f f o r a long time; no o t h e r vessels or 
charted f e a t u r e s g i v e cause f o r concern, and the v i g i l a n c e of p o r t e n t r y 
or e x i t may be r e l a x e d somewhat. I t i s a t j u s t such times t h a t an 
unexpected s i t u a t i o n may catch the unwary mariner o f f h i s guard, and 
d i s a s t e r ensue - witness the c o l l i s i o n between the t r a w l e r *Dionne 
Marie* and the tanker 'Rose Bay* on Cup F i n a l Day (!) 1990. 
A number of other c o n s i d e r a t i o n s support the s e l e c t i o n o f the maritime 
f i e l d as the focus of t h i s research: 
(1) i t o f f e r s a 2-dimensional environment, w i t h the p o s s i b i l i t y of 
complete freedom of movement w i t h i n those dimensions - but 
a d d i t i o n a l l y circumstances which may r e s t r i c t such movement; 
(2 ) there already e x i s t s a comprehensive s e t of g u i d e l i n e s f o r 
encounters i n v o l v i n g marine vessels, on which t o base a r u l e 
s t r u c t u r e ; 
(3 ) a wealth of experience and documentation i s a v a i l a b l e t o give 
f u r t h e r d e f i n i t i o n t o t h a t r u l e s t r u c t u r e ; 
(4 ) the research base ( P o l y t e c h n i c South West) has the wherewithal and 
the c o n t a c t s t o provide f a c i l i t i e s f o r t e s t i n g , enhancing and 
v a l i d a t i n g such an expert system:- advanced s i m u l a t o r , research 
v e s s e l , maritime i n d u s t r i a l l i a i s o n , w e l l - q u a l i f i e d mariners; 
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(5) Polytechnic South West i s already a t h r i v i n g c e n t r e of maritime 
research, n o t a b l y i n the areas of n a v i g a t i o n and c o n t r o l . 
Consequently an experienced and w e l l - i n f o r m e d s u p e r v i s i o n team i s 
r e a d i l y a v a i l a b l e t o g i v e d i r e c t i o n and s u p p o r t . 
Points 1-3 i d e n t i f y an environment o f f e r i n g s u b s t a n t i a l freedom of 
movement, but w i t h i n an organised framework o f g u i d e l i n e s and experience 
- an i d e a l basis f o r the development of fundamental p r i n c i p l e s of 
i n f e r e n c e and s t r a t e g y . Points A and 5 h i g h l i g h t the p r a c t i c a l 
c o n s i d e r a t i o n s governing the choice of s c e n a r i o . 
1.3 The Maritime C o l l i s i o n Avoidance Task 
1.3.1 O u t l i n e 
C o l l i s i o n avoidance a t sea i s , almost by d e f i n i t i o n , a rule-based task. 
The I n t e r n a t i o n a l Regulations f o r Preventing C o l l i s i o n s a t Sea [ 3 ] would 
appear t o provide a c l e a r framework, supported by the f o r c e of law, f o r 
a simple procedural approach: whatever the s i t u a t i o n , apply the 
a p p r o p r i a t e r u l e , and the problem i s solved w i t h o u t i n c i d e n t . 
The r e a l i t y i s , o f course, r a t h e r d i f f e r e n t , as evidenced by the r e g u l a r 
losses of m u l t i - k i l o t o n ships i n c o l l i s i o n i n c i d e n t s . Such losses are 
due not only t o incompetence or f a t i g u e , but a l s o t o d i f f e r i n g 
i n t e r p r e t a t i o n s of a given s i t u a t i o n by the masters of the vessels 
i n v o l v e d . The ' C o l l i s i o n Regulations' are broad g u i d e l i n e s , r a t h e r than 
r i g o r o u s d e f i n i t i o n s of p r e c o n d i t i o n s and consequent a c t i o n s . D e t a i l s as 
t o t i m i n g , clearances, s u i t a b l e course a l t e r a t i o n s , are l e f t very much 
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t o the d i s c r e t i o n of the mariner - d i s c r e t i o n which i s p e r f e c t e d by 
years of accumulated experience and wisdom. Furthermore, the v a r i e t y o f 
* non-standard * s i t u a t i o n s - p a r t i c u l a r l y those i n v o l v i n g a number of 
vessels - i s such t h a t any r u l e book a t t e m p t i n g t o cover a l l such 
contingencies would be f a r too cumbersome t o provide a u s e f u l r e f e r e n c e . 
I n d e f i n i n g a r u l e s t r u c t u r e f o r t h i s t a s k , i t would seem a p p r o p r i a t e t o 
f i r s t i d e n t i f y * r u l e s of thumb* f o r s p e c i f i c types of s i t u a t i o n which 
occur most f r e q u e n t l y ; supplementary r u l e s may then be added f o r 
v a r i a t i o n s i n these s i t u a t i o n s . This r u l e s t r u c t u r e would be based on 
the aforementioned r e g u l a t i o n s , and would i n c o r p o r a t e the accumulated 
wisdom of expert mariners. There would a l s o be a need to t a i l o r the 
r u l e s t o r e f l e c t the response c h a r a c t e r i s t i c s o f the system o p e r a t i n g 
t h a t r u l e s t r u c t u r e - speed of response, breadth of i n f o r m a t i o n 
a v a i l a b l e t o the system, confidence l i m i t s ( i n c l u d i n g p o s s i b l e e f f e c t s 
of misjudgement). 
Such a system would r e q u i r e access t o f i x e d c h a r a c t e r i s t i c s o f the 
vessel ( i n some cases, s p e c i f i c t o c u r r e n t voyage): l e n g t h , beam, 
maximum speed, t u r n i n g curves, safe c l e a r i n g d i s t a n c e , and a v a r i e t y o f 
t e c h n i c a l data; r e l e v a n t c h a r t data f o r the area being navigated could 
also be considered as s i m i l a r l y ' s t a t i c * ( f i x e d ) i n f o r m a t i o n , though o f 
a rather d i f f e r e n t type. I t would a l s o need t o be able t o r e c e i v e 
c u r r e n t values a t a l l times of o t h e r , d y n a m i c a l l y - v a r y i n g , parameters: 
speed, course, rudder s e t t i n g , e t c , plus p o s i t i o n , speed and course o f 
any p o t e n t i a l hazards i n the v i c i n i t y . There i s , of course, some degree 
of overlap between these two types of da t a , s t a t i c and dynamic: f o r 
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i n s t a n c e , one's assessment of a safe c l e a r i n g d i s t a n c e may depend on the 
nature o f the hazard t o be c l e a r e d . 
1.3.2 System Hardware and Software 
The task as d e f i n e d i s c l e a r l y s u s c e p t i b l e t o h a n d l i n g by means of a 
s u i t a b l e expert systems package, i d e a l l y running on a microcomputer 
system loc a t e d on the b r i d g e o f the s h i p . However, two major 
c o n s i d e r a t i o n s set t h i s task apart from most c o n v e n t i o n a l a p p l i c a t i o n s 
of a r t i f i c i a l i n t e l l i g e n c e ( A I ) experienced t o date. 
( 1 ) The dynamic i n f o r m a t i o n r e q u i r e d must, by i t s very n a t u r e , be i n p u t 
t o the system d i r e c t l y v i a a range of sensors, i n c l u d i n g such 
i n s t r u m e n t a t i o n as radar; f u r t her m o r e , the scope and l i m i t a t i o n s of 
such data must be given due regard by the e x p e r t systems l o g i c . 
( 2 ) The d e c i s i o n processes i n v o l v e d r e q u i r e e x t e n s i v e mathematical 
c a l c u l a t i o n s , p r i m a r i l y o f t r i g o n o m e t r i c a l f u n c t i o n s , to be c a r r i e d 
out i n r e a l time. 
These c o n s i d e r a t i o n s would appear t o i n d i c a t e the need f o r somewhat 
s p e c i a l i s t software t o o l s , o p e r a t i n g a t near-optimum processor speed but 
w i t h c a p a b i l i t y f o r advanced forms of user i n t e r a c t i o n . Such 
requirements tend t o preclude standard e x p e r t system ' s h e l l s ' c u r r e n t l y 
a v a i l a b l e (see chapter 3 ) , and would seem t o be m u t u a l l y e x c l u s i v e i n 
terms of programming languages, suggesting a two-pronged approach which 
combines: 
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(a) a ' c a l c u l a t i o n ' module, t o evaluate the t r i g o n o m e t r i c a l and o t h e r 
mathematical f u n c t i o n s which form the basis of the decision-making 
process; and 
(b) a ' f r o n t - e n d ' module, t o operate the r u l e base and provide a 'user-
f r i e n d l y ' form of communication w i t h the mariner. 
(a) demands powerful mathematical t o o l s t o e v a l u a t e a l a r g e number of 
m u l t i v a r i a t e f u n c t i o n s i n r e a l t i m e , plus f a c i l i t i e s f o r d i r e c t sensory 
i n p u t ; (b) r e q u i r e s an A l - s t y l e approach t o ' f i r e ' ( i . e . a c t i o n ) the 
r u l e s t r u c t u r e , plus a s o p h i s t i c a t e d and v e r s a t i l e man-machine i n t e r f a c e 
(MMI) - f o r example, a WIMPS (Window-Icon-Mouse-Pointer System) 
environment. Three a l t e r n a t i v e approaches have been considered: 
(1) l i n k e d modules i n two d i f f e r e n t languages, such as 'C and 
S m a l l t a l k (an o b j e c t - o r i e n t e d language); 
(2) use of an extended language, such as O b j e c t i v e C, o f f e r i n g a l l the 
power of 'C', plus MMI and o b j e c t - o r i e n t e d add-ons; 
(3) an i n f e r e n c e engine ( t h e d r i v i n g l o g i c of the expert system) 
w r i t t e n i n 'C', supported by an advanced WIMPS-based o p e r a t i n g 
environment capable of f i r i n g the r u l e s a t a p p r o p r i a t e times. 
I n every case 'C' was i d e n t i f i e d as the i d e a l language f o r the 
mathematical and s e n s o r / c o n t r o l aspects of the task. Options (1) and ( 2 ) 
favour an o b j e c t - o r i e n t e d approach to the user i n t e r f a c e and a c t i o n i n g 
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of the r u l e s ; o p t i o n ( 3 ) r e l i e s on the system's o p e r a t i n g environment t o 
provide such f a c i l i t i e s . 
C o nsideration of an OOPS (Object-Oriented Programming System) approach 
t o the r u l e base and the user i n t e r f a c e was prompted by the o b s e r v a t i o n 
t h a t many of the e n t i t i e s i n the process conform t o the OOPS concept of 
'ob j e c t s ' : ships and r u l e s , as w e l l as windows and ic o n s , may a l l be 
u s e f u l l y c l a s s i f i e d as ' o b j e c t s ' - indeed, the language S m a l l t a l k grew 
out of a need f o r a s u i t a b l e form i n which t o d e f i n e and manipulate a 
WIMPS environment [ 4 ] , However, such e n t i t i e s may a l s o be de f i n e d as 
' s t r u c t u r e s ' i n the standard 'C language, and (under the new ANSI 
standard) processed very e f f e c t i v e l y and e f f i c i e n t l y . The two main 
st r e n g t h s of OOPS - the concepts o f 'class' and ' i n h e r i t a n c e ' - do not 
f e a t u r e l a r g e l y i n the system requirements, and the overheads demanded 
by such f a c i l i t i e s would seem d i s p r o p o r t i o n a t e t o the b e n e f i t s o f f e r e d . 
Consequently, o p t i o n ( 3 ) was se l e c t e d . 
I n i t i a l p r o t o t y p i n g was undertaken on an A t a r i ST microcomputer, running 
under GEM (Graphics Environment Manager). At time s , two or three A t a r i s 
were l i n k e d t o provide a ' p a r a l l e l processing' s i m u l a t i o n environment 
[ 5 ] . At a l a t e r stage, development was t r a n s f e r r e d t o the Acorn 
Archimedes, a RISC (Reduced I n s t r u c t i o n Set Computer) system. This 
system was selected f o r the f o l l o w i n g reasons: 
(a) powerful processing c a p a b i l i t y a t r e l a t i v e l y low c o s t ; 
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( b ) a s o p h i s t i c a t e d m u l t i - t a s k i n g WIMPS environment, p r o v i d i n g a l l of 
the r e q u i r e d f a c i l i t i e s , a c c e s s i b l e through 'C* p r i m i t i v e s ; 
( c ) f a c i l i t i e s f o r i n p u t / o u t p u t from/to a v a r i e t y o f devices - sensors, 
motor c o n t r o l s , communications channels, e t c . 
( d ) c o m p a t a b i l i t y w i t h other developments i n the s h i p c o n t r o l f i e l d , 
w i t h i n the same research group. 
1.4 System Development - Rationale 
C l e a r l y , the u l t i m a t e o b j e c t i v e of a system such as the one under 
c o n s i d e r a t i o n here i s t o n e g o t i a t e s a f e l y (and e f f i c i e n t l y ) through an 
encounter s i t u a t i o n of any complexity- T h i s i m p l i e s the c a p a b i l i t y t o 
deal competently w i t h an encounter i n v o l v i n g a number o f other vessels 
of v a r y i n g types, one or more of which may not be a c t i n g i n c o n f o r m i t y 
w i t h the r e g u l a t i o n s , w h i l s t c o n strained by the need to hold t o a 
t r a f f i c s e p a r a t i o n system and/or n e g o t i a t e o t h e r n a v i g a t i o n a l hazards 
(e.g. c o a s t a l f e a t u r e s ) ; the p o s s i b i l i t y o f one*s own vessel having t o 
operate under c o n d i t i o n s of impaired m a n o e u v r a b i l i t y should not be 
discounted, and manoeuvres should be conducted w i t h a t l e a s t the degree 
of e f f i c i e n c y t h a t one would expect of an experienced s h i p ' s master. 
I n p r a c t i c e , the task as d e f i n e d must be ordered i n ascending l e v e l s o f 
complexity, s t a r t i n g w i t h the simplest p o s s i b l e s c e n a r i o . I t i s , of 
course, e s s e n t i a l t h a t a t every l e v e l the way i s l e f t open f o r any 
enhancements which may f o l l o w (upward c o m p a t a b i l i t y ) . This means: 
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( a ) an i n i t i a l s t r u c t u r e and methodology which make no p r e s u p p o s i t i o n s 
as to what may, or may not, be a p p r o p r i a t e or needf u l i n terms o f 
f u t u r e development; and 
(b ) since (a) i s , a t l e a s t i n the i n i t i a l stages, an u n r e a l i s t i c i d e a l , 
t h e o v e r a l l approach must be s u s c e p t i b l e t o a g e n e r a t i v e process o f 
'stepwise refinement', i . e . h i g h l y s t r u c t u r e d i n such a way t h a t 
i n n o v a t i o n s may be accommodated w i t h o u t major upheaval. 
I t should be emphasised t h a t these remarks do not r e f e r t o enhancements 
of the r u l e base i n the ' f i n i s h e d ' system, based on new experience. The 
i n t e n t i o n i s t h a t such enhancements would be i n c o r p o r a t e d w i t h o u t any 
m o d i f i c a t i o n o f the o v e r a l l system - h o p e f u l l y v i a a ' u s e r - f r i e n d l y ' 
u t i l i t y t o be designed f o r t h i s purpose (see s e c t i o n 11.A). 
The work o u t l i n e d i n t h i s t h e s i s i s based upon the f o l l o w i n g p e r c e p t i o n 
of a p p r o p r i a t e stages of development: 
( i ) a system capable o f making d e c i s i o n s r e l a t i n g t o two vessels i n 
the open sea (own-ship and one other v e s s e l , no a d d i t i o n a l hazards 
or c o n s t r a i n t s ) , both a c t i n g i n c o n f o r m i t y w i t h the r e g u l a t i o n s 
under s i m i l a r time and distance c r i t e r i a f o r decision-making; t he 
re q u i r e d outcome t o be a safe r e s o l u t i o n o f the encounter 
s i t u a t i o n ; 
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( i i ) extension of ( i ) t o accommodate the p o s s i b i l i t y t h a t the hazard 
vessel may act i n a manner l i k e l y t o n e c e s s i t a t e emergency 
manoeuvring on the p a r t of own-ship; e.g. f a i l i n g t o g i v e way when 
the r e g u l a t i o n s i n d i c a t e t h a t i t should do so; a l t e r i n g course i n 
such a way as t o increase the r i s k of c o l l i s i o n ; 
( i i i ) p r o v i s i o n of an ' o p t i m i s a t i o n ' f a c i l i t y , which considers v a r i o u s 
a l t e r n a t i v e s t r a t e g i e s and s e l e c t s the one which minimises some 
a p p r o p r i a t e cost f u n c t i o n ; 
( i v ) extension o f the d e c i s i o n l o g i c t o c o n s i d e r a number of p o t e n t i a l 
hazard vessels, and s e l e c t an o p t i m a l ( o r n e a r - o p t i m a l ) s t r a t e g y 
t o n e g o t i a t e these v a r i o u s hazards; such a s t r a t e g y should be i n 
the form o f a ' f l e x i b l e response', amenable t o r e v i s i o n i n the 
l i g h t o f new p e r t i n e n t data (e.g. another p o t e n t i a l hazard coming 
w i t h i n radar range); 
( v ) i n c o r p o r a t i o n of a software i n t e r f a c e t o an e l e c t r o n i c c h a r t d a t a -
base s u i t a b l y s t r u c t u r e d f o r i n t e r r o g a t i o n by a computer-based 
d e c i s i o n system; extension of the r u l e s t r u c t u r e to i n c l u d e 
c o n s i d e r a t i o n of such c h a r t data i n i t s decision-making; 
( v i ) c o n s i d e r a t i o n of p o s s i b l e consequences o f impaired f u n c t i o n a l i t y 
i n any c o n t r o l or sensory subsystem o f own-ship (e.g. rudder, 
engines, r a d a r ) ; adjustment of s t r a t e g y planning,as a p p r o p r i a t e . 
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Design of a s u i t a b l e t e s t environment f o r such development c o n s t i t u t e s 
an i n t e g r a l p a r t of the research work descr i b e d here. Various forms o f 
computer-simulated t e s t environment a r e d e s c r i b e d i n chapter 8, t o g e t h e r 
w i t h the r a t i o n a l e f o r t h e i r use a t d i f f e r e n t stages of development. 
Successful r e s o l u t i o n of stages ( i i ) - ( v i ) depends w h o l l y on the n a t u r e 
of the implementation of stage ( i ) . T h i s t h e s i s describes the 
f o r m u l a t i o n , design and c o n s t r u c t i o n o f such a two-ship system; the 
system has been so s t r u c t u r e d as t o f a c i l i t a t e a n t i c i p a t e d f u r t h e r 
developments. The u n d e r l y i n g philosophy o f the expert system s h e l l -
i n f e r e n c e engine and r u l e s t r u c t u r e - i s based on an o r i g i n a l concept 
which ensures optimum safe manoeuvring i n any encounter s i t u a t i o n (see 
chapter 6 ) . 
Stages ( i ) - ( i i i ) have been s u c c e s s f u l l y implemented; both standard 
and emergency manoeuvres are d e a l t w i t h i n a s a t i s f a c t o r y manner, w i t h 
accommodation f o r i n c r e a s i n g l e v e l s of s o p h i s t i c a t i o n i n both areas; the 
o p t i m i s a t i o n f a c i l i t y i s adaptable i n terms o f s e l e c t i o n and w e i g h t i n g 
o f r e l e v a n t c r i t e r i a . I n a d d i t i o n , a t h e o r e t i c a l b asis f o r stage ( i v ) i s 
developed i n d e t a i l i n t h i s t h e s i s ; t h a t work has since been implemented 
i n a p r a c t i c a l extension of the system [ 6 , 7 ] . Stage ( v ) depends on 
major advances i n the f i e l d o f e l e c t r o n i c c h a r t i n g ; c o n s i d e r a t i o n o f 
t h i s aspect of the system, and a s s o c i a t e d t e c h n o l o g i e s , i s the s u b j e c t 
of a f u r t h e r research p r o j e c t . 
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1.5 Oraanisation o f Thesis 
The contents of the succeeding chapters o f t h i s t h e s i s are organised as 
described below. The sequence of these chapters l a r g e l y m i r r o r s the 
progression of ideas - e i t h e r s t r u c t u r a l l y or c h r o n o l o g i c a l l y - l e a d i n g 
t o the c u r r e n t phase o f development. However, chapters 7 and 8 encompass 
a t t r i b u t e s of the system which have evolved c o n t i n u a l l y throughout the 
work described here; they should t h e r e f o r e be seen as l y i n g i n p a r a l l e l 
w i t h the other c h a p t e r s , and t h e i r p o s i t i o n i n g as a matter of expediency 
rather than n a t u r a l sequence. 
Chapter 2: Fundamental Concepts and P r i n c i p l e s 
This chapter o u t l i n e s concepts i d e n t i f i e d by previous research, 
through c o n s i d e r a t i o n of the p r a c t i c a l i t i e s o f c o l l i s i o n avoidance 
and o b s e r v a t i o n of good p r a c t i c e - the l a t t e r s p e c i f i c a l l y i n the 
maritime s e t t i n g . I t a l s o s e t s out the g u i d i n g p r i n c i p l e s which 
have been e s t a b l i s h e d f o r e f f e c t i v e avoidance of a c o l l i s i o n or 
near-miss a t sea; t h i s i n c l u d e s the r e g u l a t i o n s published by the 
I n t e r n a t i o n a l Marine O r g a n i s a t i o n , but a l s o covers o b s e r v a t i o n s 
regarding i n t e r p r e t a t i o n s o f those r e g u l a t i o n s and s i t u a t i o n s o f 
p o s s i b l e u n c e r t a i n t y . 
Chapter 3: The Expert System ' S h e l l ' 
This covers the design and f u n c t i o n i n g o f the i n f e r e n c e engine, the 
system l o g i c which ' d r i v e s ' the r u l e s , p r o v i d i n g the reasoning 
c a p a b i l i t y which c h a r a c t e r i s e s an e x p e r t system. The s t r u c t u r e and 
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format of those r u l e s , and t h e i r l o g i c a l c o n n e c t i v i t y , i s described 
i n d e t a i l , w i t h o u t being p r o s c r i p t i v e about t h e i r a c t u a l c o n t e n t . 
The p o t e n t i a l f o r expansion of t h i s r u l e base, e i t h e r t o deal w i t h 
new s i t u a t i o n s or t o provide more s o p h i s t i c a t e d h a n d l i n g of 
s i t u a t i o n s already covered, i s o u t l i n e d . 
Chapter 4: The Knowledge Base 
The i n f o r m a t i o n necessary f o r i n t e l l i g e n t decision-making i s drawn 
from a v a r i e t y of sources. Some data items are i n v a r i a n t , a t l e a s t 
f o r the d u r a t i o n of the voyage; ot h e r data values vary dynamically 
as the ship proceeds on i t s passage. This chapter i d e n t i f i e s 
r e l e v a n t data and t h e i r sources; i t a l s o considers methods o f data 
a c q u i s i t i o n , and consequent c o n s i d e r a t i o n s w i t h respect t o the 
d e c i s i o n l o g i c . 
Chapter 5: Rules f o r the Two-Ship S i t u a t i o n 
The c o l l i s i o n avoidance r e g u l a t i o n s p r o v i d e an i n i t i a l b a sis on 
which to b u i l d a s e t of r u l e s , or g u i d i n g p r i n c i p l e s , governing 
s a f e t y manoeuvres. By themselves, however, they do not form a 
complete and coherent framework f o r such decision-making; they 
r e q u i r e ' f l e s h i n g o u t ' w i t h d e t a i l b u i l t up from a combination of 
observed good p r a c t i c e and commonsense. Chapter 5 gives an overview 
o f p r a c t i c a l c o n s i d e r a t i o n s governing two-ship encounters i n the 
open sea, and how such encounters may be s a f e l y n e g o t i a t e d i n 
accordance w i t h the r e g u l a t i o n s . 
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Conventional c o l l i s i o n avoidance manoeuvres are planned on the 
i n i t i a l premise t h a t o t h e r vessels i n the v i c i n i t y are under the 
c o n t r o l of competent and w e l l - i n t e n t i o n e d mariners who w i l l a c t i n 
c o n f o r n i i t y w i t h the r e g u l a t i o n s . Since t h i s i s not always the case, 
any s t r a t e g y must i n c l u d e contingency plans f o r untoward a c t i o n by 
another v e s s e l . The l a t t e r p a r t o f t h i s chapter considers t h a t 
requirement i n r e l a t i o n t o a computer-based d e c i s i o n system. 
Chapter 6: Look-Ahead S i m u l a t i o n f o r ( a ) Safe Manoeuvring 
(b) Optimal Manoeuvring 
Any c o l l i s i o n avoidance manoeuvre i s a considered balance between 
s a f e t y on the one hand and minimum l o s s of u t i l i t y on the o t h e r . 
The economic term ' u t i l i t y ' i s here taken t o mean a weighted 
combination of speed, p r o x i m i t y t o d e s t i n a t i o n , adherence t o 
planned course, and o t h e r f a c t o r s deemed p e r t i n e n t by those having 
an i n t e r e s t i n s h i p and/or cargo. 
As a minimum requirement, any such manoeuvre should conform t o both 
the r e g u l a t i o n s and the p r i n c i p l e s o u t l i n e d i n chapter 2. Since 
every encounter i s unique i n terms o f r e l a t i v e p o s i t i o n s , 
v e l o c i t i e s and manoeuvring c a p a b i l i t i e s o f the vessels i n v o l v e d , 
the time and sea room needed f o r safe r e s o l u t i o n o f each s i t u a t i o n 
v a r i e s w i d e l y . Chapter 6 deals f i r s t w i t h a s t r a t e g y f o r 
i d e n t i f y i n g , w e l l i n advance, a time t o i n i t i a t e a manoeuvre such 
t h a t i t w i l l r e solve the encounter s a f e l y and s u c c e s s f u l l y , w i t h o u t 
excessive course d i v e r s i o n . This chapter goes on to develop a 
technique f o r i d e n t i f y i n g the optimum manoeuvring time and rudder 
s e t t i n g from a range of p o s s i b i l i t i e s - i . e . t h a t o p t i o n which 
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completes s a f e l y , w h i l e a t the same time m i n i m i s i n g the l o s s of 
u t i l i t y ( a c c o r d i n g t o c r i t e r i a advanced by experienced m a r i n e r s ) . 
Chapter 7: The User I n t e r f a c e , and User I n t e r a c t i o n 
The b e n e f i t s of the Expert System described here depend c r u c i a l l y 
on r e l e v a n t i n f o r m a t i o n being t o hand as and when needed, i n a form 
which may be a s s i m i l a t e d q u i c k l y and unambiguously. I n t h i s 
chapter, the form of r e p r e s e n t a t i o n o f i n f o r m a t i o n by the system i s 
described. Also, those mechanisms are o u t l i n e d whereby the user 
may, i n t u r n , i n t e r a c t w i t h the system t o e l i c i t f u r t h e r 
i n f o r m a t i o n or update the knowledge held by the system. 
Chapter 8: Simulated Environments f o r Development and T e s t i n g 
I n the course of development of t h i s Expert System i t has been 
necessary t o provide a 'test-bed' or c o n t e x t w i t h i n which the 
system may be t e s t e d and assessed. Such development i s more 
con v e n i e n t l y conducted w i t h i n a research l a b o r a t o r y than a t sea; 
a l s o , a simulated t e s t environment precludes the p o s s i b i l i t y o f 
spurious e r r o r s being i n d i c a t e d through t e c h n i c a l problems w i t h 
sensory i n p u t s (though the simulated environment must i t s e l f be 
thoroughly v a l i d a t e d to o b v i a t e e q u i v a l e n t problems); l a s t , a 
simulated environment can provide a wide v a r i e t y of 'experience' 
f o r t he system - p o s s i b l y a t an a c c e l e r a t e d time-scale - w i t h o u t 
e x c e p t i o n a l cost or r i s k . 
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Chapter 8 explores the requirements of such an environment, and 
various formats which have been employed i n b r i n g i n g the system t o 
i t s present l e v e l . The s t r e n g t h s and weaknesses of these formats 
are considered, together w i t h f a c t o r s which must be given due 
credence i n t r a n s f e r r i n g t o the * l i v e data* s i t u a t i o n . 
Chapter 9: System V a l i d a t i o n 
This chapter describes the a p p r a i s a l of the system by e x p e r t 
mariners a t i t s c u r r e n t phase o f development. I t a l s o o u t l i n e s the 
r e s u l t s of 1000 simulated encounters, based on randomised i n i t i a l 
parameters, i l l u s t r a t i n g the e f f i c a c y of the look-ahead process i n 
r e s o l v i n g a l l encounter s i t u a t i o n s so generated. F i n a l l y , p a r a l l e l 
running o f the system alongside a standard ARPA on board a research 
vessel i s described; manual data e n t r y and manual c o n t r o l o f the 
vessel r e s o l v e any t e c h n i c a l d i f f i c u l t i e s , ensuring an o b j e c t i v e 
comparison of system performance w i t h accepted good p r a c t i c e i n a 
* l i v e * t e s t of the system a t sea. 
Chapter 10: M u l t i - S h i p Encounters 
The l o g i s t i c s i n v o l v e d i n h a n d l i n g an encounter w i t h j u s t one 
hazard vessel are r e l a t i v e l y c l e a r - c u t . Decisions, and manoeuvres, 
become s u b s t a n t i a l l y more complex as the number of hazard vessels 
increases- I t i s e s s e n t i a l t h a t the expert system i s s u s c e p t i b l e t o 
expansion i n order t o accommodate such c o m p l e x i t i e s . 
This chapter considers the a d d i t i o n a l requirements occasioned by a 
m u l t i - s h i p encounter s i t u a t i o n , and how those requirements may be 
met w i t h i n the framework of t h i s e x p e r t system. 
page 22 
Chapter 11: Conclusions 
As w e l l as o f f e r i n g conclusions on the work t o date, chapter 11 
attempts t o p o i n t the way f o r f u t u r e developments, some o f which 
are already under way i n other research p r o j e c t s . I t e x t r a p o l a t e s 
from the c u r r e n t ' s t a t e of the a r t * t o draw i n f e r e n c e s as t o the 
f e a s i b i l i t y of the u l t i m a t e goal - a f u l l y - f u n c t i o n i n g shipboard 
e x p e r t system capable of g i v i n g advice (and, i f a p p r o p r i a t e , 
c o n t r o l ) i n any p o t e n t i a l c o l l i s i o n or near-miss s i t u a t i o n , no 
matter how complex. 
Appendix A: Mathematical Considerations i n Avoidance Manoeuvring 
An overview of mathematical techniques used i n the d e c i s i o n l o g i c . 
Appendix B: Research Vessels Used For Sea T r i a l s 
I n f o r m a t i o n i s given on the p i c k e t boats used i n t h i s p r a c t i c a l 
aspect of the v a l i d a t i o n process. 
Appendix C: L i s t Of P u b l i c a t i o n s 
Papers published by the author are l i s t e d c h r o n o l o g i c a l l y . 
Appendix D: L i s t i n g Of Current System Rules 
The set of r u l e s c u r r e n t l y i n use on the system are l i s t e d , 
t ogether w i t h an e x p l a n a t i o n of the s t r u c t u r e o f these r u l e s . 
Appendix E: Extended B i b l i o g r a p h y 
A d d i t i o n a l references t o papers p e r t i n e n t t o t h i s t h e s i s are 
l i s t e d , w i t h f u r t h e r i n f o r m a t i o n on those o f p a r t i c u l a r i n t e r e s t . 
page 23 
CHAPTER 2 
FUNDAMENTAL CONCEPTS AND PRINCIPLES 
"the whole of science i s nothing more than a refinement o f everyday 
t h i n k i n g " A l b e r t E i n s t e i n (1879 - 1955) 'Out of my l a t e r years*. 
2.1 Domains and Arenas 
As f o r the h y p o t h e t i c a l p e d estrians i n the imaginary s t r e e t , t h e r e are 
c e r t a i n basic t e n e t s which must be observed i f a sh i p i s t o avoid 
c o i n c i d i n g i n space and time w i t h another v e s s e l , or other hazard. These 
may be gleaned from a combination of a p p l i e d commonsense and observed 
good p r a c t i c e . 
One concept which has been derived from such commonsense c o n s i d e r a t i o n s , 
and supported by ob s e r v a t i o n o f standard p r a c t i c e among mariners, i s the 
'safet y zone* or * personal space* around a v e s s e l . T h i s zone, termed the 
'domain' by Goodwin [ 8 ] , i s t h a t r e g i o n around a vessel which the master 
endeavours t o keep c l e a r of any p o t e n t i a l hazards. I f a l l manoeuvring i s 
conducted so as t o preserve such a ' b u f f e r zone', i t f o l l o w s l o g i c a l l y 
t h a t no c o l l i s i o n can take place. 
Goodwin hypothesised the existence of such a domain, reasoning t h a t such 
a region i s an e s s e n t i a l aspect of any e f f e c t i v e avoidance s t r a t e g y . 
Observation supported t h i s premise, and f u r t h e r i n d i c a t e d d i f f e r e n t i a l 
l e v e l s of concern broadly corresponding t o the t h r e e s e c t o r s around a 
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s h i p subtended by i t s n a v i g a t i o n l i g h t s : p o r t ( r e d ) s e c t o r , s t a r b o a r d 
(green) sector and r e a r / o v e r t a k i n g ( w h i t e ) s e c t o r . F i g u r e 2.1(a) shows 
the r e l a t i v e p r o p o r t i o n s of a t y p i c a l 'Goodwin' domain, i n d i c a t i n g : 
( a ) requirement f o r more sea room t o s t a r b o a r d than t o p o r t , s t a r b o a r d 
being the c o n v e n t i o n a l d i r e c t i o n f o r avoidance manoeuvres under 
most circumstances; 
( b ) a r e l a t i v e l y low degree of concern w i t h hazards t o the rear o f own-
s h i p , r e f l e c t i n g the r e l a t i v e l y low approach speed of an o v e r t a k i n g 
vessel compared w i t h a vessel approaching head-on or i n a c r o s s i n g 
encounter. 
C l e a r l y , the o v e r a l l s i z e o f the domain a p p l i e d by a ship's master may 
vary w i t h s i z e and m a n o e u v r a b i l i t y o f v e s s e l , n a t u r e o f cargo and 
p r e v a i l i n g circumstances, and personal preference o f t h a t master; 
however, the r e l a t i v e s i z e s o f the t h r e e s e c t o r s appear to f a i r l y 
c o n s i s t e n t l y f o l l o w the p a t t e r n shown i n f i g . 2 . 1 ( a ) . 
Although the Goodwin model of the domain f i t s the observed p r a c t i c e , the 
d i s c o n t i n u i t i e s a t s e c t o r boundaries have been viewed by some as 
i n c o n s i s t e n t and i l l o g i c a l (as w e l l as being d i f f i c u l t t o accomodate i n 
manoeuvring a l g o r i t h m s ) . Davis [ 9 ] propounded a v a r i a n t of the Goodwin 
domain, which maintained c o n t i n u i t y o f the c i r c u l a r domain boundary 
w h i l s t preserving the r e l a t i v e areas of the t h r e e s e c t o r s as observed by 
Goodwin. An example of such a domain, w i t h own-ship i n an o f f - c e n t r e 
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Figure 2.1(a) Example of Goodwin Domain Figure 2.1(b) Example of Davis Domain 
Figure 2.1 
Such a c i r c l e i s easier t o handle i n d e c i s i o n l o g i c than the Goodwin 
domain, but i t s t i l l has an awkward tendency t o f u n c t i o n as an e c c e n t r i c 
cam as the vessel t u r n s , g i v i n g r i s e t o h i g h l y complex mathematical 
c o n s i d e r a t i o n s . Furthermore, i t i s a moot p o i n t whether c o n s e r v a t i o n o f 
r e l a t i v e areas i s of major s i g n i f i c a n c e i n comparison t o , say, o f f s e t o f 
domain boundary ( t h e l a t t e r being the more c r u c i a l f a c t o r i n d e t e r m i n i n g 
whether a p a r t i c u l a r hazard e n t e r s the domain). I n the event, i t has 
been decided t o s i d e s t e p such s u b j e c t i v e c o n s i d e r a t i o n s and mathematical 
p i t f a l l s , and use a c i r c u l a r domain w i t h own-ship a t c e n t r e . Such a 
s i m p l i f i e d form has proved adequate f o r a l l p r a c t i c a l purposes, and 
arguably provides as s o l i d a basis f o r decision-making as any more 
complicated i n t e r p r e t a t i o n of observed p r a c t i c e ; c e r t a i n l y , choice of a 
s u i t a b l e domain r a d i u s can ensure safe manoeuvring w i t h o u t l e a d i n g t o 
o v e r - r e a c t i o n . Before l e a v i n g t h i s s u b j e c t , i t should be noted t h a t a 
s t r u c t u r a l concept based on the Davis domain i s considered i n chapter 10 
as a p o t e n t i a l d i s c r i m i n a t o r f o r f i r s t - s t a g e r e s o l u t i o n o f m u l t i - s h i p 
encounters. 
I f a domain of any form i s t o be implemented, i t f o l l o w s l o g i c a l l y t h a t 
a broader event space must be d e f i n e d . That space, f i r s t i d e n t i f i e d and 
termed the 'arena' by Davis [ 1 0 ] , represents the area around own-ship 
w i t h i n which p o t e n t i a l hazards are i d e n t i f i e d as such, and a v o i d i n g 
a c t i o n planned and implemented so as t o o b v i a t e the p o s s i b i l i t y of 
domain i n f r i n g e m e n t . The Davis arena i s a c i r c l e c e n t r e d on own-ship, o f 
s u b s t a n t i a l l y l a r g e r r a d i u s than the domain - a g a i n , s i z e of arena would 
depend on personal preference o f the sh i p ' s master and p r e v a i l i n g 
circumstances. 
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This c o n s t r u c t , though a val u a b l e f i r s t s t e p , has l i m i t e d a p p l i c a b i l i t y 
since i t draws no d i s t i n c t i o n between the n a u t i c a l e q u i v a l e n t s o f the 
skateboarder and the o l d lady w i t h the w a l k i n g frame. C u r t i s e t a l [11] 
c a r r i e d the arena concept i n t o the realm o f time-based decision-making 
by advancing the proposal t h a t the c r u c i a l f a c t o r i s not d i s t a n c e , but 
time t o domain i n f r i n g e m e n t . The ' c l o s i n g - t i m e ' v e r s i o n o f the arena was 
thus formulated, and termed the RDRR (Range-to-Domain/Range-Rate). I n 
t h i s , C u r t i s e f f e c t i v e l y drew a time-based ' c i r c l e ' around own-ship a t 
c e n t r e , and i n d i c a t e d a need f o r a c t i o n i f any hazard f e l l w i t h i n t h a t 
area. For example, a lO-minute RDRR would i d e n t i f y any p o t e n t i a l hazard 
whose r e l a t i v e v e l o c i t y put i t w i t h i n 10 minutes of i n f r i n g e i n g own-
ship's domain (assuming constant course and speed f o r both v e s s e l s ) . 
T h i s c r i t e r i o n has proved a u s e f u l s t a r t i n g p o i n t i n i d e n t i f y i n g both 
the need and the a p p r o p r i a t e time f o r automated decision-making i n the 
con t e x t of an expert system. Chapter 6 considers the r e s u l t s o b tained 
when such a d i s c r i m i n a t o r was used i n the f i r s t p r o t o t y p e expert system. 
Konyn [12] f u r t h e r advanced the RDRR concept by c o n s i d e r i n g the 
combination of ' t h i n k i n g time' and ' a c t i o n t i m e ' , and i t s v a r i a t i o n s 
depending on r e l a t i v e p o s i t i o n s of the vessels i n v o l v e d . However, t h i s 
RDRR+ has s t i l l proved too b l u n t an instrument f o r the almost i n f i n i t e 
v a r i a b i l i t y of j u x t a p o s i t i o n s and r e l a t i v e v e l o c i t i e s of two vessels i n 
co n t e n t i o n . I t has been r a p i d l y superceded by the perceived need f o r a 
de c i s i o n time t a i l o r e d t o the s p e c i f i c circumstances of a p a r t i c u l a r 
encounter. I n the f i n a l a n a l y s i s , concern w i t h respect t o an observed 
p o t e n t i a l hazard i s not r e l a t e d t o an area, or a s e c t o r , or even a 
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r a d i a l a r c ; i t r e l a t e s simply and s o l e l y t o the one-dimensional l i n e 
j o i n i n g the two vessels - the l e n g t h o f t h a t l i n e , how f a s t t h a t l e n g t h 
i s reducing, and what the minimum l e n g t h of t h a t l i n e w i l l be on c u r r e n t 
p r o j e c t i o n s . From these c o n s i d e r a t i o n s stem f u r t h e r concerns as t o the 
l i k e l y consequence of a given manoeuvre a t a given time. Hence the 
development o f the look-ahead s i m u l a t i o n technique described i n c h a p t e r 
6, which has given r i s e t o the PSMT (Predetermined Safe Manoeuvring 
Time) - since r e f i n e d t o g i v e an Optimal Manoeuvring Time (POMT), based 
on a v a r i e t y of c r i t e r i a . 
T his 'customised' manoeuvring time now forms the basis of d e c i s i o n 
t i m i n g and s t r a t e g y i n the c u r r e n t v e r s i o n o f the expert system. 
Needless t o say, advance i d e n t i f i c a t i o n o f such a time f o r a c t i o n 
n e c e s s i t a t e s a yet broader r e g i o n , the ' b a l l p a r k ' - c o n s i d e r a t i o n of 
t h i s r e g i o n i s best l e f t t o chapter 6. 
2.2 The C o l l i s i o n Avoidance Regulations 
The I n t e r n a t i o n a l Regulations f o r P r e v e n t i n g C o l l i s i o n s a t Sea [ 3 ] 
provide a s u b s t a n t i v e framework on which t o hang a rule-based system 
aimed at improving maritime s a f e t y . Furthermore, a l l other r e s p o n s i b l e 
s e a f a r e r s w i l l be observing these r e g u l a t i o n s , and a n t i c i p a t i n g such 
observation on the p a r t of any vessel they may meet, so c o n s i s t e n t 
obedience t o these g u i d e l i n e s i s s t r o n g l y i n d i c a t e d f o r mutual 
understanding and c o - o p e r a t i o n . Not l e a s t , these r e g u l a t i o n s are backed 
by the f o r c e of law i n most p a r t s o f the w o r l d , and divergence from them 
may be punishable i n the c o u r t s whether or not t h i s leads t o a c o l l i s i o n 
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or other untoward event. I n s h o r t , any e x p e r t system f o r marine 
c o l l i s i o n avoidance must i n c o r p o r a t e the IMO r e g u l a t i o n s as a core 
element of i t s r u l e base. 
Having s a i d t h a t , a c o r o l l a r y must be added t h a t these r e g u l a t i o n s are 
by no means d e f i n i t i v e i n t h e i r s p e c i f i c a t i o n o f a c t i o n t o be taken i n a 
given circumstance. Various terms used i n the t e x t are open t o w i d e l y -
d i f f e r i n g s u b j e c t i v e i n t e r p r e t a t i o n s by s h i p ' s masters. I n the f i r s t 
i n s t a n c e , vessels i n c o n t e n t i o n are r e q u i r e d t o take a v o i d i n g a c t i o n ' i n 
good time'; such 'good time' may be reckoned as a n y t h i n g from, say, 10 
t o 20 minutes before c l o s e s t p o i n t of approach (CPA). Since the 
r e g u l a t i o n s a l s o r e q u i r e the ship's master t o i d e n t i f y the nature o f the 
encounter at t h a t time and i n i t i a t e a c t i o n a c c o r d i n g l y , and since the 
perceived nature of an encounter may a l t e r s i g n i f i c a n t l y ( w i t h o u t any 
change of course) over a period o f 5-10 minutes, t h e r e i s scope f o r the 
masters of the two vessels t o view the same encounter i n two t o t a l l y 
d i f f e r e n t ways, and apply d i f f e r e n t d e c i s i o n c r i t e r i a . This problem i s 
considered i n more d e t a i l i n chapter 5, and i l l u s t r a t e d i n f i g u r e 5.3. 
Obviously the r e g u l a t i o n s provide an 'escape claus e ' where two masters 
f i n d themselves o p e r a t i n g a t cross-purposes, but two aims of an exp e r t 
system would be to be ( a ) s e l f - c o n s i s t e n t , and ( b ) as t o l e r a n t and 
f l e x i b l e as po s s i b l e i n the face o f a d i f f e r i n g i n t e r p r e t a t i o n . 
Another area of u n c e r t a i n t y i s t h a t of what c o n s t i t u t e s a 'clear t u r n ' . 
Since v i s u a l (and/or r a d a r ) c o n t a c t i s o f t e n the only form o f 
communication between two vessels, mariners are r e q u i r e d t o make t h e i r 
i n t e n t i o n s obvious by e f f e c t i n g a ' c l e a r t u r n ' before s t r a i g h t e n i n g up. 
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T h i s i s v a r i o u s l y i n t e r p r e t e d t o mean a n y t h i n g from 10-15 degrees up t o 
p o s s i b l y 45 degrees. Again, such personal v a g a r i e s need t o be t i e d down 
t o a g r e a t e r consistency f o r a computer-based system - t h i s does not 
seem an a p p r o p r i a t e a p p l i c a t i o n f o r a random number generator! One must, 
of course, be open t o the p o s s i b l e adjustment o f t h i s c r i t e r i o n i n 
changing circumstances; f o r example, a 45-degree t u r n may be the o r d e r 
of the day i n open-sea manoeuvres, whereas 15 degrees may be adequate t o 
make the p o i n t i n the c o n f i n e s o f the Dover S t r a i t . 
The r e g u l a t i o n s are e q u a l l y general over the r e q u i r e d s e p a r a t i o n 
d i s t a n c e between vessels. Masters are r e q u i r e d t o keep a 'safe d i s t a n c e ' 
between t h e i r vessel and another, and (by i m p l i c a t i o n ) r e q u i r e d t o g i v e 
a value judgement on what c o n s t i t u t e s a 'safe d i s t a n c e ' . Again, such a 
value judgement must be allowed f l e x i b i l i t y f o r v a r i a t i o n i n changing 
circumstances: a s u b s t a n t i a l 'safe d i s t a n c e * i n the open sea may, o f 
n e c e s s i t y , be reduced t o a r a t h e r l e s s e r ( b u t s t i l l s a f e ) s e p a r a t i o n i n 
a busy seaway. The 'safe d i s t a n c e ' a l l u d e d t o i s , o f course, represented 
by the domain r a d i u s , which i s a system parameter chosen by the s h i p ' s 
master. Since domain r a d i u s i s a matter o f c h o i c e , an encounter may 
occur i n which the two vessels manoeuvring are adequately separated f o r 
one master's peace of mind, but t o o c l o s e f o r comfort from the o t h e r * s 
p o i n t of view. The expert system must be cognisant of p o s s i b l e 
consequences of such d i s p a r i t y (e.g. hazard v e s s e l t a k i n g emergency 
evasive a c t i o n when own-ship i s manoeuvring s a t i s f a c t o r i l y , t o a l l 
appearances), and s u f f i c i e n t l y broad i n a p p l i c a t i o n t o avoid causing 
such r e a c t i o n s i f at a l l p o s s i b l e . 
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One f i n a l , but r a t h e r major, area o f s u b j e c t i v e i n t e r p r e t a t i o n o f the 
r e g u l a t i o n s i s on the matter o f course changes, as con t r a s t e d w i t h 
c o l l i s i o n avoidance manoeuvres. I f a v e s s e l undertakes a course change 
f o r n a v i g a t i o n a l purposes, r a t h e r than a c o l l i s i o n avoidance manoeuvre 
f o r s a f e t y reasons, then the master of t h a t vessel i s not bound by the 
c o l l i s i o n avoidance r e g u l a t i o n s . T h i s a p p a r e n t l y c l e a r d i s t i n c t i o n 
becomes r a t h e r b l u r r e d when a course change i s , i n essence, undertaken 
t o avoid a s i t u a t i o n which would n e c e s s i t a t e c o l l i s i o n avoidance 
manoeuvring. Figure 2.2 i l l u s t r a t e s an example o f t y p i c a l a c t i o n f o r a 
f e r r y c r o s s i n g a busy s h i p p i n g l a n e : an e a r l y course change i s taken i n 
preference t o e i t h e r a s e r i e s o f 'slalom' avoidance manoeuvres or one 
s u b s t a n t i a l avoidance manoeuvre which would take own-ship f u r t h e r o f f 
t r a c k . Where such a course change i s undertaken w e l l before any 
pos s i b l e domain i n f r i n g e m e n t , the master o f the vessel i s unquestionably 
e n t i t l e d t o complete freedom o f a c t i o n . However, as a l i k e l y domain 
in f r i n g e m e n t becomes i n c r e a s i n g l y imminent, c o n s t r a i n t s imposed by t h e 
c o l l i s i o n avoidance r e g u l a t i o n s must be regarded as i n c r e a s i n g l y 
b i n d i n g . 
D i f f e r e n t mariners ( o r even t he same mariner under d i f f e r i n g 
circumstances) may regard themselves as bound by the r e g u l a t i o n s once 
they are w i t h i n 20 minutes, 15 minutes, or even 10 minutes o f a domain 
in f r i n g e m e n t s i t u a t i o n . I t i s considered expedient by some mariners t o 
'bend' the r u l e s t o imply t h a t , even a t very close q u a r t e r s , t h e 
c o l l i s i o n avoidance r e g u l a t i o n s need not be invoked unless a d i r e c t h i t 
i s imminent - a 'near-miss' t h r e a t may be avoided by an u n r e s t r i c t e d 
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Composite avoidance manoeuvre 
Figure 2.2 Alternative routeings for avoiding a number of other vessels 
(positions of target vessels are shown for t imes of 
corresponding marked positions on own-ship 's tracks). 
'near-misses' t h a t have been converted i n t o d i s a s t r o u s c o l l i s i o n s by one 
master obeying the r e g u l a t i o n s w h i l s t t h e o t h e r 'used h i s i n i t i a t i v e ' -
the c l a s s i c ' r a d a r - a s s i s t e d c o l l i s i o n ' . F i g u r e 2.3 i l l u s t r a t e s the 
mechanics o f such an i n c i d e n t w i t h s p e c i f i c r e f e r e n c e to one of the 
great maritime d i s a s t e r s of modern t i m e s , the c o l l i s i o n between the 
'Andrea Doria' and the 'Stockholm' i n 1956 [ 1 3 ] , 
2,3 Ship ManoeuvrinR Models 
I n order t o a s c e r t a i n the l i k e l y outcome of a p a r t i c u l a r manoeuvre or 
s t r a t e g y , i t i s necessary t o have a working knowledge of the performance 
c h a r a c t e r i s t i c s of the vessels i n v o l v e d . I n p a r t i c u l a r , any r e q u i r e d 
outcome i d e n t i f i e d by the expert system must be recommended t o the 
master of oim-ship i n terms of a c t i o n s (rudder s e t t i n g , engine speed) 
and t h e i r t i m i n g s c a l c u l a t e d t o produce t h a t outcome. This presupposes 
t h a t the expert system holds w i t h i n i t s r e p e r t o i r e a hydrodynamic 
mathematical model of own-ship's behaviour under v a r y i n g c o n t r o l i n p u t s . 
A body moving i n three dimensions (such as a s h i p a t sea) may experience 
any or a l l o f s i x aspects t o i t s motion - s i x degrees of freedom: 
l i n e a r , w i t h components along each of t h r e e orthogonal axes 
( l o n g i t u d i n a l , transverse and v e r t i c a l ) ; and the corresponding 
r o t a t i o n a l motions about each of those axes. These are r e f e r r e d to i n 
n a u t i c a l terminology as; surge, sway and heave; and r o l l , p i t c h and yaw, 
r e s p e c t i v e l y . They are i l l u s t r a t e d i n r e l a t i o n t o a ship's o r i e n t a t i o n 
i n f i g u r e 2,4. 
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1.9nm 
Figure 2.3 S c h e m a t i c of the collision between the 'Andrea Doric' 





X u X 
F i g u r e Ship axes c o - o r d i n a t e system, showing d i s p l a c e m e n t s , v e l o c i t i e s , 
r o t a t i o n , f o r c e s and moment h a v i n g e f f e c t s i n t h e h o r i z o n t a l p l a n e 
Of these, only t h r e e r e l a t e d i r e c t l y t o motion i n the h o r i z o n t a l plane: 
surge, sway and yaw. I t would seem a p p o s i t e , t h e r e f o r e , t o model the 
progress of a ship across a body o f water by r e f e r e n c e t o these t h r e e 
forms o f motion - a '3 degrees o f freedom* (3DF) model - and many s h i p 
manoeuvring models are f o r m u l a t e d as a s e t of t h r e e equations 
r e p r e s e n t i n g these t h r e e forms of motion. However, rec e n t research [ 1 4 ] 
has shown possible b e n e f i t i n a 4DF model, s i n c e r o l l has been shown t o 
have a m a t e r i a l e f f e c t on motion i n the x-y plane. 
A l i n e a r ship model may be expressed as a f u n c t i o n o f f i r s t - o r d e r terms 
only of the r e l e v a n t v a r i a b l e s . A n o n - l i n e a r model r e q u i r e s h i g h e r - o r d e r 
terms, and i n r e t u r n gives a more accurate r e p r e s e n t a t i o n o f s h i p 
behaviour. Two major d i f f i c u l t i e s a r i s e i n r e l a t i o n t o the n o n - l i n e a r 
model: e v a l u a t i o n o f the r e l e v a n t f u n c t i o n s a t each step i s a more time -
consuming matter; and (more s i g n i f i c a n t l y ) the d e r i v a t i o n o f the 
c o e f f i c i e n t s f o r the terms i n each equa t i o n i s a s u b s t a n t i a l u n d e r t a k i n g 
i n v o l v i n g major sea t r i a l s . By c o n t r a s t , l i n e a r c o e f f i c i e n t s may be 
c a l c u l a t e d d i r e c t l y from standard t e c h n i c a l data on any v e s s e l . 
Chudley [15] describes the b e n e f i t s of a n o n - l i n e a r model (as f o r m u l a t e d 
by Tapp [ 1 6 ] ) over a l i n e a r model; he a l s o i d e n t i f i e s the concomitant 
d i f f i c u l t i e s of a c q u i r i n g the necessary hydrodynamic c o e f f i c i e n t s f o r 
the non-linear model, as c o n t r a s t e d w i t h the l e s s e r task o f d e r i v i n g the 
c o e f f i c i e n t s f o r the l i n e a r model. However, h i s a n a l y s i s o f the 4DF 
l i n e a r model [ 1 4 ] i n d i c a t e s accuracy approaching t h a t o f the n o n - l i n e a r 
model wi t h o u t the accompanying c o m p l i c a t i o n s - a u s e f u l compromise where 
ease of d e r i v a t i o n and speed of processing are major c o n s i d e r a t i o n s . 
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Chudley a l s o o u t l i n e s the b e n e f i t s of the modular model, i n which 
e f f e c t s o f p r o p e l l e r ( s ) , rudder, wind, t i d e e t c . are i d e n t i f i e d by 
separate terras i n the ship model (see f i g u r e 2,5). This c o n t r a s t s w i t h 
the e a r l i e r ' h o l i s t i c ' model, i n which a l l such e f f e c t s were compounded 
i n t o a s i n g l e term. C l e a r l y , the modular form f a c i l i t a t e s m o d i f i c a t i o n 
o f one aspect of the model, or a d d i t i o n / d e l e t i o n of one of the component 
e f f e c t s , depending on perceived s i g n i f i c a n c e . 
D e r i v a t i o n of a s o p h i s t i c a t e d manoeuvring model of own-ship i s c l e a r l y a 
more p r a c t i c a l p r o p o s i t i o n than f o r m u l a t i o n of such a model f o r each 
hazard vessel encountered. This i s more a problem i n theory than i n 
p r a c t i c e , since l i m i t e d a b i l i t y t o second-guess the purposes o f the 
master of a hazard vessel render o f l i m i t e d value any c a p a c i t y t o model 
t h a t master's h y p o t h e t i c a l i n t e n t i o n s . The main requirement i n m o d e l l i n g 
hazard motion i s s t r a i g h t - l i n e p r e d i c t i o n a t constant speed - f o r which 
no hydrodynamic model i s r e q u i r e d . I t i s p o s s i b l e t h a t f u t u r e 
enhancements t o the r u l e base may draw from a 'bank' of standard s h i p 
models t o i d e n t i f y p o t e n t i a l manoeuvring c a p a b i l i t y of an observed 
hazard; t h i s concept i s explored f u r t h e r i n s e c t i o n s 4.4 and 11.5. 
W i t h i n the system as c u r r e n t l y implemented, own-ship motion i s modelled 
by s t r a i g h t - l i n e s e c t i o n s , plus c i r c u l a r arcs f o r t u r n i n g motion. This 
i s c l e a r l y an o v e r - s i m p l i f i c a t i o n of the r e a l w o r l d . However, the 
al g o r i t h m s used f o r manoeuvring c a l c u l a t i o n s may be simply m o d i f i e d t o 
accomodate the manoeuvring models described e a r l i e r i n t h i s s e c t i o n - or 
i n some cases, acceptable s i m p l i f i c a t i o n s of those models to enable 
m u l t i p l e look-ahead p r e d i c t i o n s i n r e a l - t i m e , as described i n chapter 6. 
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Figure 2.5 Equations f o r modular manoeuvring model 
I g n o r i n g heave, r o l l and p i t c h , which do not a c t i n the x-y plane: 
Force ( s u r g e ) : X = m(6 - vr - r'x ) 
Force (sway): Y - m(v + ur + r X ) 
Moment (yaw): N = l^r + mx^(v + ur) 
By s e l e c t i n g o r i g i n of s h i p c o - o r d i n a t e system t o c o i n c i d e w i t h c e n t r e 
of mass of the ves s e l , these reduce t o : 
X = m(u - vr - r ' x j 
Y ~ m(v + ur + r X 
N = I r + mx (v + ur) 
i n v o l v i n g only mass, v e l o c i t y and a c c e l e r a t i o n i n x and y d i r e c t i o n s , 
yaw r a t e and moment of i n e r t i a about z-axis. 
X, Y and N may each be expressed as a sum of modular components, 
dependent on e f f e c t s of h u l l , p r o p e l l e r , rudder and distur b a n c e f a c t o r s 
























Each such component f a c t o r may be adjusted independently, as considered 
a p p r o r i a t e , or in c e r t a i n cases omitted i f regarded as n e g l i g i b l e . 
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S p e c i f i c c h a r a c t e r i s t i c s o f any s h i p ' s t u r n which must be given due 
credence i n the mathematical model a r e ; 
( a ) a t i m e - l a g between p u t t i n g the rudder over and the ship commencing 
t o t u r n ; d u r i n g t h i s time l a g , the s h i p may i n i t i a l l y * t w i t c h ' 
f r a c t i o n a l l y i n the o p p o s i t e d i r e c t i o n from the t u r n , but f o r a l l 
p r a c t i c a l purposes motion may be regarded as c o n t i n u i n g on t h e 
o r i g i n a l course; 
( b ) a t u r n i n g motion which s p i r a l s g r a d u a l l y inward (Dieudonne s p i r a l , 
[ 1 7 ] ) , r a t h e r than t r a c i n g a c i r c u l a r a r c . 
( a ) may be accommodated w i t h i n the e x i s t i n g framework by c a l c u l a t i n g t he 
time delay from the mathematical model and simply a d j u s t i n g the time f o r 
p u t t i n g the rudder over a c c o r d i n g l y - I n t u r n s o f l e s s than, say, 90 
degrees, the s p i r a l arc i n ( b ) may be approximated f o r p r e d i c t i v e 
purposes by a c i r c u l a r arc w i t h o u t s i g n i f i c a n t l o s s o f r e s o l u t i o n ; s i n c e 
a l l 'normal' manoeuvres f a l l i n t o t h i s c a t e g o r y , the mathematical model 
may be a p p l i e d t o provide the a p p r o p r i a t e a p p r o x i m a t i o n , which may then 
be used i n the e x i s t i n g look-ahead and r u l e s t r u c t u r e . 
I t i s planned t h a t the f i n a l system should u t i l i s e a modular manoeuvring 
model, e i t h e r the n o n - l i n e a r v e r s i o n or the enhanced 4DF l i n e a r v e r s i o n , 
Hydrodynamic c o e f f i c i e n t s r e q u i r e d t o model a p a r t i c u l a r own-ship w i l l 
be c a r r i e d as p a r t o f the knowledge base, as described i n chapter A. 
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2.4 The Human I n t e r f a c e 
I n any system which i s concerned w i t h p r o v i d i n g i n f o r m a t i o n intended t o 
c o n t r i b u t e t o o v e r a l l s a f e t y , communication o f t h a t i n f o r m a t i o n must be 
a major c o n s i d e r a t i o n . Where response t o t h a t i n f o r m a t i o n must be made 
i n r e a l time - p o s s i b l y a very l i m i t e d t i m e , under c o n d i t i o n s of s t r e s s 
- the medium of communication assumes a y e t higher s i g n i f i c a n c e . I f the 
r e l e v a n t f a c t s are not presented i n a form s u s c e p t i b l e t o c l e a r , f a s t 
and unambiguous a s s i m i l a t i o n , then t h e system i t s e l f i s valueless- More 
than t h a t , a system which d i s t r a c t s w i t h o u t i n f o r m i n g as required i s an 
added hindrance t o s a f e t y and e f f i c i e n c y . 
Anyone who has e i t h e r created or (more s i g n i f i c a n t l y ) used a soft w a r e 
package intended f o r the naive user w i l l know t h a t screens f u l l o f t e x t 
deter r a t h e r than a i d . On the premise t h a t a p i c t u r e i s worth a thousand 
words, i t i s almost axiomatic t o s t a t e t h a t any e v e n t / s i t u a t i o n which 
may be meaningfully represented i n g r a p h i c a l form, should be. T e x t u a l or 
numerical s u p p o r t i n g i n f o r m a t i o n should be as c l e a r and concise as 
pos s i b l e ; use of colour t o h i g h l i g h t aspects o f t h i s i n f o r m a t i o n can 
als o be most h e l p f u l , i f j u d i c i o u s l y a p p l i e d . (N,B, These are not h i g h l y 
t e c h n i c a l o b s e r v a t i o n s ; any c h i l d who has played a good - or bad - video 
game w i l l be conversant w i t h these fundamental p r i n c i p l e s ) . 
Manipulation of the d i s p l a y , using simple c o n t r o l s which do not a l l o w 
the user t o get ' l o s t * or confused, are a f u r t h e r e s s e n t i a l f e a t u r e . The 
cap a c i t y t o e l i c i t f u r t h e r i n f o r m a t i o n as needed, and to cl o s e o f f 
p o t e n t i a l l y d i s t r a c t i n g elements when not r e q u i r e d , r a t e h i g h l y on the 
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system s p e c i f i c a t i o n . F a c i l i t i e s f o r s c r o l l i n g t e x t and graphics 
d i s p l a y s , and 'zooming i n ' on gr a p h i c s d e t a i l ( i . e . p r o v i d i n g l o c a l i s e d 
enlargement) are l i k e w i s e o f s u b s t a n t i a l p o t e n t i a l b e n e f i t . These 
requirements are i n d i c a t i v e o f a 'windowing* environment ( i . e . s e c t i o n s 
of screen p a r t i t i o n e d o f f t o p r o v i d e a 'window' onto t e x t or graph i c s 
items, g e n e r a l l y w i t h f a c i l i t i e s f o r s c r o l l i n g both v e r t i c a l l y and 
h o r i z o n t a l l y ) ; icons ( r e p r e s e n t a t i v e symbols) prompting f o r a c t i o n , menu 
options displayed and actio n e d a t the press o f a 'mouse' (user i n t e r f a c e 
device) b u t t o n , and a screen ' p o i n t e r ' i n d i c a t i n g intended area o f 
a c t i v i t y or menu o p t i o n , complete the s p e c i f i c a t i o n f o r an advanced 
WIMPS-based user i n t e r f a c e . 
With respect t o the r u l e s t r u c t u r e governing the response of the system 
t o p r e v a i l i n g circumstances, i t would not seem a p p r o p r i a t e t o a l l o w t h e 
aforementioned naive user t o update t h a t s t r u c t u r e between ( o r even l e s s 
d u r i n g ) voyages. Extension of the r u l e base i s envisaged, to accommodate 
new experience i n terms of encounter s i t u a t i o n s and responses, but t h i s 
should only be done by one conversant w i t h the f u n c t i o n i n g of these 
r u l e s . I t i s a l s o e s s e n t i a l t h a t such updating be done ' o f f - l i n e ' , 
i . e . not on a c t i v e s e r v i c e , and i n circumstances which permit thorough 
t e s t i n g of the updated r u l e s before they are used i n a c t i o n . An u p d a t i n g 
f a c i l i t y i s t o be added a t some f u t u r e d a t e , t o permit such enhancement 
of the r u l e base by s u i t a b l y - q u a l i f i e d personnel i n a ' u s e r - f r i e n d l y ' 
f a s h i o n . The nature of such a f a c i l i t y i s considered i n d e t a i l i n 
s e c t i o n 11.4; other aspects of the above user i n t e r f a c e form t h e 
substance o f chapter 7. 
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CHAPTER 3 
THE EXPERT SYSTEM 'SHELL' 
"Cogito, ergo sum." 
Descartes (1596 - 1650) Le Discours de l a methode 
3.1 The Infe r e n c e Engine 
Figure 3.1 i l l u s t r a t e s the conceptual s t r u c t u r e o f the expert system. As 
w i l l be seen, a c e n t r a l f e a t u r e o f t h i s s t r u c t u r e i s the i n f e r e n c e 
engine, a ' c o n t e n t - f r e e ' set of l o g i c a l c o n n e c t i v e s which d r i v e s t h e 
r u l e base. The i n f e r e n c e engine operates on two data s t r u c t u r e s , the 
r u l e s t r u c t u r e and the knowledge base, and i n t e r a c t s w i t h the I n p u t -
output r o u t i n e s which form the user i n t e r f a c e . 
There are a number of expert system s h e l l s a v a i l a b l e commercially, each 
c o n s i s t i n g e s s e n t i a l l y of an i n f e r e n c e engine i n t e r a c t i n g w i t h a r u l e 
s t r u c t u r e accommodating user-defined r u l e s and a knowledge base a l s o 
b u i l t up by the user; a p p r o p r i a t e i n p u t / o u t p u t f a c i l i t i e s are a l s o 
e s s e n t i a l . A number of such s h e l l s have been s t u d i e d i n d e t a i l , b ut none 
has' been considered s u i t a b l e f o r the task i n hand. 
As w i t h programming languages, expert system s h e l l s are t a i l o r e d t o the 
class of a p p l i c a t i o n f o r which they are designed. However, t h e r e i s a 
common thread running through most of the expert systems c u r r e n t l y i n 
use. Various c h a r a c t e r i s t i c s d i s t i n g u i s h t h i s task from more 
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Figure 3.1 Ou t l i n e s t r u c t u r e of expert system s h e l l 
( 1 ) Responses from the system are r e q u i r e d i n r e a l time. I n a m a j o r i t y 
of expert systems s t u d i e d , t h e r e i s no s e r i o u s time c o n s t r a i n t on 
c o n s i d e r a t i o n o f a v a i l a b l e data, a p p l i c a t i o n o f the r u l e s , and 
pr e s e n t a t i o n of the consequent co n c l u s i o n s and/or advice. Where 
decis i o n s are being made regarding avoidance o f imminent d i s a s t e r 
('imminent* i n t h i s c o n t e x t meaning from h a l f an hour down to a few 
minutes - p o s s i b l y l e s s i n emergencies), the l u x u r y o f u n l i m i t e d 
t h i n k i n g time i s not an o p t i o n . There i s l i t t l e m e r i t i n a system 
which gives comprehensive advice on how t o avo i d a mishap - a f t e r 
t h a t mishap has occurred. I t i s a l s o s i g n i f i c a n t t o note t h a t the 
'ground' i s moving under one's f e e t ( l i t e r a l l y ) , so t h a t p r e v a i l i n g 
c o n d i t i o n s once the e v a l u a t i o n i s made are dependent on the time 
taken t o make t h a t e v a l u a t i o n ; such an e v e r - s h i f t i n g s c e n a r i o i s 
not a r e g u l a r f e a t u r e of expert system a p p l i c a t i o n s , but must be 
taken i n t o account i n the decision-making l o g i c o f t h i s system, 
(2 ) The knowledge base i s c o n t i n u a l l y being updated v i a sensory i n p u t 
channels, t o r e f l e c t the changing nature o f the environment t o be 
evaluated by the system. Sensors attached t o own-ship's e n g i n e ( s ) 
and rudder, as w e l l as radar and n a v i g a t i o n systems, w i l l p r o v i d e 
'dynamic' reference i n f o r m a t i o n t o supplement the ' s t a t i c ' 
i n f o r m a t i o n ( s h i p ' s l e n g t h , draught, manoeuvring c h a r a c t e r i s t i c s ) 
held i n the knowledge base. This aspect o f the system c a r r i e s w i t h 
i t an i m p l i c a t i o n of knowledge as to the scope and l i m i t a t i o n s o f 
such sensory i n p u t , i n c l u d i n g e r r o r margins; c o n s i d e r a t i o n of these 
f a c t o r s , and t h e i r p o s s i b l e consequences, i s i n t e g r a l t o the work 
o f the i n f e r e n c e engine, a c t i n g i n tandem w i t h the r u l e base. 
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( 3 ) The i n f e r e n t i a l l o g i c f o r t h i s system bears very h e a v i l y upon 
e v a l u a t i o n o f m u l t i v a r i a t e t r i g o n o m e t r i c a l expressions. R e s o l u t i o n 
of p o t e n t i a l c o n f l i c t s i t u a t i o n s c o n s i s t s p r i m a r i l y of v e c t o r 
c a l c u l a t i o n s , and i n t e r s e c t i o n s o f v e c t o r s w i t h c i r c u l a r regions or 
a r c s . Displacement v e c t o r s and v e l o c i t y v e c t o r s ( a b s o l u t e and 
r e l a t i v e ) must be considered i n r e l a t i o n t o domain boundaries and 
t u r n i n g a r c s ; i n t e r s e c t i o n s of domains w i t h t u r n i n g a r c s , and exact 
times when these occur, are a l s o c r u c i a l . I n s h o r t , e v a l u a t i o n o f 
any r u l e almost always i n v o l v e s a s u b s t a n t i a l amount of processor-
i n t e n s i v e mathematical c a l c u l a t i o n (n.b. t r i g o n o m e t r i c a l 
c a l c u l a t i o n s are heavy on processor ti m e , and look-up t a b l e s f o r 
t r i g o n o m e t r i c a l f u n c t i o n s would be t o t a l l y inadequate i n t h i s 
c o n t e x t ) . As y e t , f l o a t i n g - p o i n t hardware has not been implemented 
i n t h i s system; the speed-up f a c t o r ( p r o b a b l y around 10) given by 
such hardware i s being held ' i n r e s e rve' t o meet i n c r e a s i n g time 
c o n s t r a i n t s as more complex s i t u a t i o n s are d e a l t w i t h . 
Given these t h r e e major departures from 'standard' expert systems 
technology, a 'standard' approach has been found wanting on v a r i o u s 
f r o n t s . S p e c i f i c a l l y , the ' o f f - t h e - s h e l f e x p e r t systems s h e l l s 
c u r r e n t l y a v a i l a b l e appear o v e r - s i m p l i s t i c i n t h e i r reasoning, unable t o 
handle the type and depth of mathematics needed here, and not i n any way 
geared to a t i m e - c o n s t r a i n e d , time-dependent d e c i s i o n process. The 
q u e s t i o n o f sensory i n p u t i s probably not i n s u p e r a b l e , but i t i s not a 
standard f e a t u r e of any of these packages; f u r t h e r i n v e s t i g a t i o n i n t o 
i t s f e a s i b i l i t y seems p o i n t l e s s i n the circumstances. 
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On the broader f r o n t of programming languages c o n v e n t i o n a l l y used f o r 
expert systems a p p l i c a t i o n s , the above c o n s t r a i n t s apply e q u a l l y . 
D e c l a r a t i v e languages such as Prolog and L i s p are not geared towards the 
type o f a p p l i c a t i o n described here (though some i n c o r p o r a t e 'add-on' 
mathematics l i b r a r i e s which go some way t o meeting t h a t p a r t i c u l a r 
problem). Likewise, o b j e c t - o r i e n t e d languages are implemented i n ways 
which m i l i t a t e a g a i n s t the most e f f i c i e n t f u n c t i o n i n g o f such a package. 
I t i s apparent t h a t an a i r of mystique has a r i s e n around the whole f i e l d 
of a r t i f i c i a l i n t e l l i g e n c e ( A I ) , f o s t e r e d by the ' r e a l A I ' s c h o o l . 
U n f o r t u n a t e l y , t h i s school o f thought appears t o hold the view t h a t an 
*AI a p p l i c a t i o n ' must be implemented i n an 'AI language' and u s i n g a 
s p e c i f i c 'AI approach'. This philosophy has been found t o be s e r i o u s l y 
l i m i t i n g i n r e l a t i o n t o non-standard a p p l i c a t i o n s of AI such as the 
expert system under c o n s i d e r a t i o n . The n o t a b l e mathematician Penrose 
explodes t h i s AI myth [ 1 8 ] , and leaves the way f r e e f o r non-conformists 
to e x p l o i t f u l l y any language(s) and techniques which might prove 
u s e f u l . More r e c e n t l y , some h i g h l y s u c c e s s f u l A I a p p l i c a t i o n s have been 
coded, p a r t l y or w h o l l y , i n 'C [ 1 9 ] , a pro c e d u r a l language which 
combines the best of h i g h - l e v e l s t r u c t u r i n g w i t h the p o t e n t i a l t o 
u t i l i s e the f u l l e x t e n t of the host computer's c a p a b i l i t i e s . 
Section 1.3.2 considered the software and hardware requirements of t h i s 
system. The p o s s i b i l i t y o f a dual-language package was evaluated and 
r e j e c t e d - As i n d i c a t e d , the i n f e r e n c e engine f o r the c o l l i s i o n avoidance 
system i s w r i t t e n completely i n 'C, and comprises a number o f l a r g e l y 
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independent modules as described i n d e t a i l below; these modules 
i n c o r p o r a t e the user i n t e r f a c e f a c i l i t i e s and support the data 
s t r u c t u r e s which, taken a l l t o g e t h e r , form the exp e r t system s h e l l . 
3.2 The Windowing Module 
Any WIMPS a p p l i c a t i o n r e q u i r e s a very s u b s t a n t i a l amount of setup code, 
plus maintenance r o u t i n e s f o r any windows ( a c t u a l or p o t e n t i a l ) and 
fe a t u r e s of those windows. On the A t a r i computer, each window ( d i s p l a y 
area) must be de f i n e d i n d e t a i l , and every window f u n c t i o n ( s l i d e r s f o r 
h o r i z o n t a l / v e r t i c a l s c r o l l i n g , 'close' i c o n t o d e l e t e window, e t c . ) 
coded e x p l i c i t l y f o r each screen window. Any window o p e r a t i o n (mouse 
button c l i c k e d on s l i d e r , e t c . ) must then be 'trapped' by the program 
code and a p p r o p r i a t e a c t i o n taken. 
On the Archimedes, a Window Template E d i t o r i s provided as a software 
t o o l , t o enable the programmer t o c r e a t e and/or modify any window t o be 
used i n a p a r t i c u l a r a p p l i c a t i o n . Features such as s l i d e r s , icons, pop-
up menus may be added, and the exact mode o f o p e r a t i o n of each of these 
f e a t u r e s d e f i n e d . These window d e f i n i t i o n s are held i n a f i l e , t o be 
c a l l e d as required from w i t h i n the a p p l i c a t i o n program. This f i l e may be 
regarded as a user l i b r a r y of windows, r e p l a c i n g the code t h a t would 
otherwise be necessary t o d e f i n e each o f these windows i n the main 
program. 
User i n t e r a c t i o n on the Archimedes i s ' e v e n t - d r i v e n * ; any a c t i o n by the 
user - mouse moved, mouse bu t t o n pressed, keyboard a c t i o n - i s termed an 
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'event'. Events are queued as they occur, t r i g g e r i n g CPU i n t e r r u p t s on a 
re g u l a r c y c l e ( o r on a p r i o r i t y b a s i s ) . Each window must be supported by 
a set o f event-handling r o u t i n e s , t o which c o n t r o l i s passed i f an event 
happens w i t h i n t h a t window. Those r o u t i n e s w i l l then i d e n t i f y t h e type 
of the event, and handle the s i t u a t i o n a c c o r d i n g l y - d i s p l a y menu, cl o s e 
window, s c r o l l d i s p l a y or whatever. RISC-OS ( t h e o p e r a t i n g system f o r 
the Archimedes) has the c a p a c i t y t o handle c e r t a i n events i n a standard 
manner, wit h o u t the need f o r s p e c i a l i s t user r o u t i n e s ; a l t e r n a t i v e l y , 
the programmer may opt to deal w i t h such events i n a way t a i l o r e d t o the 
requirements of the program. The former would normally be the case, f o r 
example, i n s c r o l l i n g a standard t e x t window; mouse o p e r a t i o n on the 
s l i d e r s would a u t o m a t i c a l l y invoke the r e l e v a n t RISC-OS 'standard 
s c r o l l * r o u t i n e . By c o n t r a s t , s c r o l l i n g of a window i n c o r p o r a t i n g a 
scaled graphics d i s p l a y w i l l r e q u i r e s p e c i a l i s t user r o u t i n e s t o 
r e l o c a t e the o r i g i n of t h a t d i s p l a y , apply the a p p r o p r i a t e s c a l i n g 
f a c t o r , and ensure t h a t any f u t u r e updates of t h a t d i s p l a y are d i r e c t e d 
to the c o r r e c t screen area. This o p t i o n , between automatic and user-
defined windowing f u n c t i o n s , may be s e l e c t e d from w i t h i n the vrindow 
template e d i t o r . 
The windowing module holds the i n i t i a l i s a t i o n code f o r the window 
d i s p l a y s used by the system. This code i n c l u d e s : 
( a ) d e c l a r a t i o n of event-handling r o u t i n e s ( i n c l u d i n g e r r o r - t r a p p i n g 
procedures) f o r the va r i o u s windows, and a l s o f o r 'non-window-
dependent' events such as messages from other a p p l i c a t i o n s and 
t i m e - i n i t i a t e d events; 
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( b ) i n i t i a l i s a t i o n r o u t i n e s f o r the system, a c t i o n e d on: 
( i ) c l i c k i n g on the a p p l i c a t i o n i c o n i n the r e l e v a n t d i r e c t o r y , t o 
e s t a b l i s h the a p p l i c a t i o n as a c t i v e and place the a p p l i c a t i o n 
i c o n on the 'icon bar* (bottom of screen d i s p l a y ) f o r 
subsequent a c t i o n ; 
( i i ) c l i c k i n g on the a p p l i c a t i o n i c o n on the i c o n bar, t o s t a r t the 
'run* phase of the process - windows opened, i n p u t d i a l o g 
box(es) a c t i v a t e d , time-sequence and d i s p l a y begun; t h i s 
r o u t i n e a l s o broadcasts a message t r i g g e r i n g any ot h e r r e l a t e d 
a p p l i c a t i o n s c u r r e n t l y on 'stand-by' w i t h i n the system 
( t y p i c a l l y , s i m u l a t i o n t a s k s , as a t present, or d a t a l o g g i n g 
a p p l i c a t i o n s such as radar, s a t e l l i t e n a v i g a t i o n i n p u t , e t c ) . 
N a t u r a l l y , t h i s module co n t a i n s numerous cross-references t o other 
program modules, since much of the event-handling ( a p a r t from s t r a i g h t 
window mani p u l a t i o n ) r e l a t e s t o r u l e e v a l u a t i o n and/or n a v i g a t i o n a l 
c o n s i d e r a t i o n s - see below. The l o g i c a l i n t e r a c t i o n of t h i s module w i t h 
others i n the system i s i l l u s t r a t e d i n f i g u r e 3.2. 
3.3 The Navigation Module 
At r e g u l a r i n t e r v a l s (every 20 seconds, r e a l t i m e ) , a t i m e - i n i t i a t e d 
i n t e r r u p t event t r i g g e r s a sequence of o p e r a t i o n s . These i n c l u d e 
a p p r a i s a l of own-ship's c u r r e n t p o s i t i o n , speed and course, and 
corresponding data f o r any hazards under c o n s i d e r a t i o n i n the v i c i n i t y . 












Figure 3.2 Module dependency chart for expert system, 
showing pr imary logical connect ions between 
program modules. Interact ion between these 
modules is also ef fected by even t -hand l ing 
in ter rupt rout ines. 
are simulated by separate tasks running c o n c u r r e n t l y under the 
m u l t i t a s k i n g RISC-OS (see chapter 8 f o r d e t a i l s ) . Upon each t i m e r 
a c t i v a t i o n , a broadcast message t r i g g e r s a response from each o f those 
'hazard' t a s k s , p r o v i d i n g the p e r t i n e n t n a v i g a t i o n a l data. A s i m i l a r 
module simulates the a c t i o n o f own-ship (under the guidance o f t h e 
expert system), and provides the e x p e r t system w i t h n a v i g a t i o n a l data on 
own-ship i n response to the aforementioned broadcast message. A recent 
enhancement of t h i s process i s d e t a i l e d i n an attached paper [ 6 ] , The 
f i n a l ' l i v e ' v e r s i o n of the system w i l l , of course, r e c e i v e such data 
from n a v i g a t i o n a l and sensory equipment such as radar, GPS ( G l o b a l 
P o s i t i o n i n g System - a s a t e l l i t e n a v i g a t i o n f a c i l i t y ) , sensors on 
engines and rudder, e t c . 
This n a v i g a t i o n a l i n f o r m a t i o n i s used t o update the graphics window 
d i s p l a y of ships' t r a c k s , and t o c a l c u l a t e r e l a t i v e headings and ranges 
of hazard vessels f o r ( a p a r t from ot h e r c o n s i d e r a t i o n s ) d i s p l a y i n the 
' s t a t u s ' window. Such data i s f u r t h e r used f o r e v a l u a t i o n of the c u r r e n t 
s i t u a t i o n i n the ' r u l e s ' module - see below. 
The graphics window r e q u i r e s s u b s t a n t i a l maintenance by t h i s module, f o r 
a number o f reasons: 
(1) i t permits two d i f f e r e n t s c a l i n g f a c t o r s to be used i n t r a n s l a t i n g 
' a c t u a l ' t o 'graphic' p o s i t i o n , g i v i n g r i s e t o a need f o r a s c a l e -
dependent p o s i t i o n t r a n s f o r m a t i o n a l g o r i t h m ; 
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( 2 ) the a b i l i t y t o s c r o l l v e r t i c a l l y and h o r i z o n t a l l y w i t h i n the window 
exacerbates the problems associated w i t h the above a l g o r i t h m ( g i v e n 
t h a t OS-supervised 'automatic' s c r o l l i n g i s not an o p t i o n under the 
circumstances); 
( 3 ) ' e x c l u s i v e - o r ' p l o t t i n g i s used t o t o g g l e a 1-mile square g r i d 
superimposed on the d i s p l a y ( s c a l e d i n accordance w i t h c u r r e n t 
scale of the d i s p l a y ) ; 
(A) a c o l o u r t r a n s l a t i o n t a b l e i s used t o s e l e c t a p p r o p r i a t e and c l e a r 
c o l o u r s f o r t r a c k s of s h i p s ; t h i s t a b l e a l s o ensures t h a t the 
t o g g l i n g of the g r i d mentioned above w i l l under no circumstances 
cause d i s c o n t i n u i t i e s i n those t r a c k s . 
D e t a i l s as t o the nature of the screen d i s p l a y are given i n chapter 7. 
3.A The Rules F i l e and Rule E v a l u a t i o n Module 
This combination e f f e c t i v e l y forms the h e a r t of the i n f e r e n t i a l l o g i c 
f o r t h i s expert system. The former d e f i n e s , and the l a t t e r processes, 
the c o n d i t i o n s and c o n s i d e r a t i o n s which govern recommendations ( o r 
p o s s i b l y c o n t r o l f u n c t i o n s ) f o r safe manoeuvring through a v a r i e t y o f 
encounter s i t u a t i o n s . Neither of these elements can reasonably be 
considered i n i s o l a t i o n , since the two are mutually dependent i n terms 
of s t r u c t u r e and processing requirement. 
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3.4.A The Rules F i l e 
The r u l e s t r u c t u r e i s h i e r a r c h i c a l i n n a t u r e , being based upon the form 
of a bina r y t r e e . Each ' r u l e * c o n s t i t u t e s a node i n t h a t t r e e , w i t h one 
(o r more) l i n k ( s ) i n t o i t from some o t h e r node(s) - and/or p o s s i b l y t h a t 
selfsame node; two l i n k s ( ' l e f t * and ' r i g h t * ) connect each node onward 
t o yet another node i n each case ( o r a g a i n , i n e i t h e r case, p o s s i b l y the 
same node). I n b r i e f : each node must have l e f t and r i g h t l i n k s , t o two 
nodes w i t h i n the s t r u c t u r e ; each node must be the d e s t i n a t i o n o f a t 
l e a s t one of those l i n k s from some oth e r node ( w i t h the p o s s i b l e 
exception of the r o o t node, a c t i v e a t the s t a r t of a voyage). The r u l e 
s t r u c t u r e i s a l s o a ' s t a t e t a b l e * , each node r e p r e s e n t i n g one p o s s i b l e 
stage i n a s p e c i f i c type of encounter between own-ship and a hazard 
vessel. At any p o i n t i n the voyage, a ' s t a t e i n d i c a t o r * p o i n t s t o the 
c u r r e n t l y - a c t i v e node:- a l l - c l e a r , o v e r t a k i n g from p o r t stage B, e t c . An 
example of a s e c t i o n of a t y p i c a l r u l e s t r u c t u r e i s shown i n f i g u r e 3.3. 
Each r u l e i n c o r p o r a t e s a boolean d e c i s i o n f u n c t i o n - most of these are 
based on t r i g o n o m e t r i c a l c o n s i d e r a t i o n s r e g a r d i n g own-ship and hazard 
vessel - which forms the basis f o r l e f t or r i g h t branching t o the next 
r u l e i n any p a r t i c u l a r s i t u a t i o n . I n some cases a subsequent r u l e i s 
evaluated/actioned immediately, i n o t h e r s such a c t i o n i s def e r r e d u n t i l 
the f o l l o w i n g time-step (shown as s o l i d and d o t t e d l i n k s r e s p e c t i v e l y i n 
f i g u r e 3.3). As may be seen from the diagram, most encounter s t a t e s 
i n c o r p o r a t e a t e s t f o r whether the c u r r e n t c o n d i t i o n s t i l l p e r t a i n s 
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Figure 3.3 Schematic of r u l e s t r u c t u r e . 
Dotted l i n e s show deferred a c t i o n , s o l i d l i n e s show immediate a c t i o n 
The look-ahead o p t i m i s a t i o n r o u t i n e i s actioned immediately on the 
'Y' branch from the 'lookout' node. 
node, w i t h a de f e r r e d e v a l u a t i o n of the same c o n d i t i o n a t the next tim e -
s t e p , otherwise c o n t r o l moves t o the next stage of the encounter; a c t i o n 
on t h a t subsequent s t a t e may i t s e l f be d e f e r r e d f o r one time i n t e r v a l . 
The s t r u c t u r e a l s o permits t r a n s f e r from one ro u t e through the * t r e e * t o 
an a l t e r n a t i v e r o u t e , or 'sharing* of a common end-sequence by two or 
more encounter types. C o n t r o l may even lo o p back, t o an e a r l i e r p o i n t i n 
the same or another encounter sequence. The only s p e c i f i c requirement 
f o r each node i s t h a t i t i n c o r p o r a t e s a t r u e - f a l s e f u n c t i o n and 
associated l i n k s t o two nodes i n the r u l e s t r u c t u r e ( e i t h e r of which may 
be t h a t same node i t s e l f ) . 
Each r u l e node i s a 'C s t r u c t u r e , h o l d i n g v a r i o u s data p e r t a i n i n g t o 
the c u r r e n t s t a t e plus i n d i c a t o r s r e l a t i n g t o each of the two p o s s i b l e 
f o l l o w i n g s t a t e s : 
( a ) a f u n c t i o n p o i n t e r , i n d i c a t i n g t h e boolean f u n c t i o n a p p r o p r i a t e t o 
t h i s r u l e ; 
( b ) a b r i e f t e x t s t r i n g i n d i c a t i n g c u r r e n t s t a t u s , f o r d i s p l a y i n the 
ap p r o p r i a t e screen window - e.g. 'READY'. 'MEET-A*, 'PASS2-C', e t c . 
( c ) a s u b - s t r u c t u r e f o r each of the two a l t e r n a t i v e paths, h o l d i n g i n 
each case; 
( i ) a s t r u c t u r e p o i n t e r , p o i n t i n g t o the next node; 
( i i ) a f l a g i n d i c a t i n g deferred/immediate a c t i o n ; 
( i i i ) an i n d i c a t o r as t o whether rudder needs adjustment; 
( i v ) review t e x t f o r t h i s s i t u a t i o n . 
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This form of r u l e s t r u c t u r e has been found more than adequate f o r a l l 
purposes t o date. Inherent i n the design concepts are c o n s i d e r a t i o n s o f 
l i k e l y requirements i n more complex s i t u a t i o n s , notably m u l t i - s h i p 
encounters. For example, a s w i t c h from 'cr o s s i n g encounter w i t h Hazard 
A* t o *head-on encounter w i t h Hazard B* should be t o t a l l y f e a s i b l e w i t h 
i n c o r p o r a t i o n of the a p p r o p r i a t e r u l e ( s ) . I n c l u s i o n of more 
s o p h i s t i c a t e d emergency manoeuvring should l i k e w i s e be s t r a i g h t f o r w a r d l y 
accomplished by i n s e r t i n g the r e l e v a n t r u l e nodes at t h e i r appointed 
places i n the d e c i s i o n s t r u c t u r e . 
The complete set of r u l e s i s held as an a r r a y of such nodes, c r o s s -
r e f e r e n c i n g between nodes being made by means of array s u b s c r i p t s . A new 
r u l e ( o r more r e a l i s t i c a l l y , sequence of r u l e s ) may be i n c o r p o r a t e d by: 
( a ) adding the node(s) t o the end o f the e x i s t i n g a r r a y ; 
( b ) r e s e t t i n g the l i n k ( s ) from the r e l e v a n t e x i s t i n g node(s) and 
s e t t i n g the l i n k ( s ) i n the t e r m i n a l node(s) f o r the new r u l e ( o r 
sequence); and 
( c ) p r o v i d i n g the r e q u i r e d boolean f u n c t i o n ( s ) f o r the new node(s) - i f 
an e x i s t i n g f u n c t i o n w i l l s u f f i c e , i t may be used re p e a t e d l y . 
This b r i e f guide to the mechanics of extending the r u l e base does 
not, however, adequately convey the t e c h n i c a l c o m p l e x i t i e s i n v o l v e d . Any 
new r u l e , or r u l e sequence, must be c a r e f u l l y planned both i n respect of 
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i t s e f f e c t s and the consequences t o the e x i s t i n g r u l e framework. The 
core o f each node, a boolean f u n c t i o n ( g e n e r a l l y h i g h l y mathematical i n 
n a t u r e ) , i s not s u s c e p t i b l e t o f o r m u l a t i o n , or even c l e a r understanding, 
by the l a y mariner. Moreover, alt h o u g h a sequence of nodes may be 
l i k e n e d i n some respects to the p h y s i c a l handling of a vessel through 
the stages of a manoeuvre, the p a r a l l e l i s somewhat obscured by the 
arcane form o f r e p r e s e n t a t i o n . The task of extending the r u l e base must 
t h e r e f o r e be seen as a s p e c i a l i s e d branch of knowledge e n g i n e e r i n g , the 
competent mariner co-operating w i t h the computing s p e c i a l i s t to devise 
the a p p r o p r i a t e amendments. N a t u r a l l y , such a task would o n l y be 
undertaken o f f - l i n e , never on an a c t u a l voyage; thorough t e s t i n g o f the 
extended r u l e base should a l s o precede use on a c t i v e s e r v i c e . 
I t seems probable t h a t l a t e r developments w i l l i n c l u d e a u t i l i t y t o 
amend/extend t h e r u l e base i n a * u s e r - f r i e n d l y * way. This would i n c l u d e 
d i a l o g boxes t o set up new nodes and r e - e s t a b l i s h l i n k s , a s t y l i s e d 
approach t o r e p r e s e n t i n g the r e q u i r e d boolean l o g i c , and a t e s t f o r 
consistency and i n t e g r i t y i n the m o d i f i e d s t r u c t u r e . Such a f a c i l i t y 
would a l s o be expected t o generate a two-dimensional map of the new r u l e 
base. This p o s s i b i l i t y i s considered f u r t h e r i n s e c t i o n 11.A. 
3.4.B The Rule E v a l u a t i o n Module 
This module may be considered t o be ' c o n t e n t - f r e e ' i n s o f a r as the r u l e s 
themselves are concerned. I t makes no p r e s u p p o s i t i o n s as t o the demands 
of the r u l e base, apar t from the c l e a r need, whatever the r u l e s , f o r 
c a l c u l a t i o n o f a number of standard parameters a t each time-step. These 
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i n c l u d e : time t o go (on present t r a c k s ) before domain i n f r i n g e m e n t by 
hazard s h i p (-1 i f no domain i n f r i n g e m e n t a n t i c i p a t e d ) ; range and 
bearing of hazard vessel; r e l a t i v e heading, and r e l a t i v e v e l o c i t y 
components (W-E and S-N), of hazard v e s s e l ; and v a r i o u s other s i m i l a r 
f a c t o r s . At each t i m e r - i n i t i a t e d 'event*, the communications i n p u t l i n e s 
are i n t e r r o g a t e d f o r the necessary primary data (on own-ship and hazard 
vessel) t o c a l c u l a t e these parameters, before proceeding t o the a n a l y s i s 
phase. 
The a n a l y s i s , or ' t h i n k i n g ' phase c o n s i s t s of processing the c u r r e n t 
r u l e node: e v a l u a t i o n of boolean d e c i s i o n f u n c t i o n , using above 
parameters; t e s t i n g r e l e v a n t f l a g s , and s e t t i n g any f u r t h e r 
a d v i c e / c o n t r o l parameters as i n d i c a t e d ; updating s t a t u s l i n e i n window 
d i s p l a y , and ( i f a p p r o p r i a t e ) review t e x t f o r o p t i o n a l d i s p l a y ; 
advancing r u l e p o i n t e r t o next r u l e as i n d i c a t e d . I f the next r u l e i s t o 
be actioned immediately, t h i s process i s repeated, u n t i l a 'defer' f l a g 
f o r n e x t - r u l e a c t i v a t i o n s i g n a l s the end of the c u r r e n t ' t h i n k i n g ' 
phase. I n s i m u l a t i o n or c o n t r o l modes, t h i s module also t r a n s m i t s 
d i r e c t i v e s t o the c o n t r o l system f o r own-ship, 
A c e n t r a l f e a t u r e of t h i s module i s the p r e - e v a l u a t i o n , or 'look-ahead' 
r o u t i n e . On i d e n t i f i c a t i o n o f a p o t e n t i a l hazard, t h i s r o u t i n e performs 
an e x t r a p o l a t i o n i n time of v a r i o u s p o s s i b l e avoidance manoeuvres. This 
i n v o l v e s t r a v e r s i n g a number of sequences w i t h i n the r u l e t r e e , each 
w i t h a range of parameters; a mathematical model of own-ship, held 
w i t h i n the system, i n d i c a t e s the l i k e l y outcome of each manoeuvre. From 
t h i s e x t r a p o l a t i o n , c e r t a i n c o n t r o l parameters f o r the best s t r a t e g y 
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( n o t a b l y time t o i n i t i a t e the manoeuvre) are c a l c u l a t e d , t o be used when 
the a c t u a l manoeuvre takes place. N a t u r a l l y , t h i s s t r a t e g y w i l l be 
re v i s e d i f circumstances change. 
F u l l d e t a i l s on the f u n c t i o n i n g o f t h i s look-ahead e v a l u a t i o n r o u t i n e 
are given i n chapter 6. 
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CHAPTER A 
THE KNOWLEDGE BASE 
Logic ( n ) : The a r t of t h i n k i n g and reasoning i n s t r i c t accordance w i t h 
the l i m i t a t i o n s and i n c a p a c i t i e s of the human understanding. 
Ambrose Bie r c e (18A2-191A), The D e v i l ' s D i c t i o n a r y . 
I n any IKBS, the o p e r a t i o n a l i n f o r m a t i o n i s drawn from a v a r i e t y of 
sources, which between them p o r t r a y t h e 'world p i c t u r e ' as i t r e l a t e s t o 
the decision-making process. I n the ma r i t i m e s e t t i n g under c o n s i d e r a t i o n 
here, t h i s *world p i c t u r e * comprises a l l the vario u s f a c e t s o f the 
environment a f f e c t i n g own-ship, p l u s a l l p e r t i n e n t i n f o r m a t i o n on own-
ship i t s e l f . The f o l l o w i n g l i s t , though p o s s i b l y not exhaustive, g i v e s 
an overview of the range of i n f o r m a t i o n r e q u i r e d f o r such a tas k . 
( 1 ) Technical data on own-ship: l e n g t h ; beam; draught; engine 
performance, and ship speeds under v a r y i n g c o n d i t i o n s ( i n c l u d i n g 
d e c e l e r a t i o n times and s t o p p i n g d i s t a n c e s ) - parameters f o r 
shallow-draught manoeuvring should be held i n a d d i t i o n t o deep-
water parameters; t u r n i n g curves a s s o c i a t e d w i t h d i f f e r e n t rudder 
s e t t i n g s , and manoeuvring c h a r a c t e r i s t i c s i n general. 
( 2 ) Technical data r e l a t i n g t o t h i s p a r t i c u l a r voyage: s a f e t y zone t o 
be maintained around vessel ( p o s s i b l y v a r i a b l e w i t h d i f f e r e n t 
cargoes); o p t i m i s a t i o n c r i t e r i a f o r voyage - e.g. i s speed a h i g h e r 
p r i o r i t y than f u e l conservation? ( a g a i n , v a r i a b l e w i t h cargo, o r 
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scheduling c o n s i d e r a t i o n s ) ; any s p e c i a l c o n s i d e r a t i o n s r e g a r d i n g 
manoeuvring r e s t r i c t i o n s , i f a p p l i c a b l e . 
( 3 ) Data r e l a t i n g t o vessel r o u t e i n g f o r the voyage: charted waypoints; 
n a v i g a t i o n a l channels t o be n e g o t i a t e d ; p o t e n t i a l hazards ( c h a r t e d 
or n o t i f i e d , e.g. bad weather zone) t o be avoided; n a v i g a t i o n a l 
d e t a i l s f o r p o r t s of departure and a r r i v a l . 
(A) Performance c h a r a c t e r i s t i c s f o r any hazard vessels encountered 
(more p r o p e r l y , data f o r l i k e l y hazards, to be f i t t e d as best 
possible to a c t u a l hazards once i d e n t i f i e d ) , 
( 5 ) Current data ( a t any s p e c i f i c p o i n t i n t i m e ) on own-ship: p o s i t i o n ; 
heading; speed; t u r n i n g r a t e ( i f a p p l i c a b l e ) ; rudder s e t t i n g ; 
engine speed. 
(6 ) Current data on any other vessels i n the v i c i n i t y , as may be 
derived from radar and associated a i d s : r e l a t i v e p o s i t i o n ; course 
and speed; any o b s e r v a t i o n s as to whether course change i s being 
e f f e c t e d , 
( 7 ) Current data on f i x e d hazards i n the area; c o a s t a l f e a t u r e s ; 
n a v i g a t i o n a l buoys; r e s t r i c t e d n a v i g a t i o n channels or t r a f f i c 
s eparation schemes. 
I t should be noted t h a t these sets o f i n f o r m a t i o n f a l l i n t o two c l e a r 
c a t e g o r i e s : 
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( a ) s t a t i c i n f o r m a t i o n , which remains constant - a t l e a s t f o r the 
d u r a t i o n of the voyage; 
(b ) dynamic i n f o r m a t i o n , which i s c o n t i n u a l l y changing i n natu r e or 
value throughout the d u r a t i o n o f the voyage. 
Items ( l ) - ( 4 ) may be c l a s s i f i e d as s t a t i c i n f o r m a t i o n , w h i l s t items ( 5 ) 
and ( 6 ) c l e a r l y q u a l i f y as dynamic i n f o r m a t i o n ; i t e m ( 7 ) c o n s t i t u t e s the 
c u r r e n t ( r e a l - t i m e ) p o i n t s of concern e x t r a c t e d from some of the data 
held under item ( 3 ) , and should t h e r e f o r e a l s o be considered as dynamic 
( i . e . t h e nature of p e r t i n e n t data changes w i t h t i m e ) . 
As w i t h any expert system, a c q u i s i t i o n o f the r e l e v a n t 'knowledge', and 
r e p r e s e n t a t i o n i n a form s u s c e p t i b l e t o r e a l - t i m e processing, a r e not 
t r i v i a l tasks. The f o l l o w i n g a n a l y s i s considers the p r a c t i c a l i t i e s of 
a c q u i r i n g the i n f o r m a t i o n d e t a i l e d i n the above c a t e g o r i e s , 
A . l . Own-Ship Technical Data, 
Length, beam and draught are immediately a v a i l a b l e from standard 
documentation. Speeds and manoeuvring c h a r a c t e r i s t i c s under v a r y i n g 
c o n d i t i o n s come under the general heading o f 'ship m o d e l l i n g ' - a much 
l e s s c l e a r - c u t area. 
As explained i n s e c t i o n 2,3, the comp l e x i t y of the manoeuvring model 
depends p r i m a r i l y upon two f a c t o r s : the number of 'degrees of freedom' 
i n c o r p o r a t e d ; and whether a l i n e a r or n o n - l i n e a r model i s r e q u i r e d . 
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At the c u r r e n t phase of implementation, a very simple model i s i n use, 
r e p r e s e n t i n g motion by s t r a i g h t l i n e s and arcs of c i r c l e s . However, i t 
i s a n t i c i p a t e d t h a t f u t u r e developments w i l l i n c l u d e use of a 4 degrees-
of-freedom l i n e a r model - p o s s i b l e w i t h i n the c u r r e n t s t r u c t u r e o f the 
i n f e r e n c e engine - g i v i n g a c c urate m o d e l l i n g of manoeuvres w i t h i n r e a l -
time and w i t h o u t the need f o r e x t e n s i v e sea t r i a l s f o r every vessel t o 
be f i t t e d w i t h the system. 
A.2. Technical Data R e l a t i n g t o Voyage. 
Complementary to the f i x e d parameters f o r own-ship, t h e r e i s a f u r t h e r 
set of parameters, d i c t a t e d by circumstance and personal preference o f 
the ship's master, which apply f o r the d u r a t i o n o f a voyage ( o r even 
j u s t f o r one leg of a voyage)-
One obvious case i n p o i n t i s the s i z e of the domain, the s a f e t y zone 
around the vessel which i s t o be kept c l e a r of any hazards. The r a d i u s 
of t h i s zone w i l l depend on ( a t l e a s t ) f o u r f a c t o r s : 
( a ) manoeuvrability o f the v e s s e l ; 
( b ) nature o f the cargo, o r task being undertaken; 
( c ) t r a f f i c d e n s i t y i n the v i c i n i t y ; and 
(d) temperament of s h i p ' s master. 
The system allows f o r i n p u t o f domain r a d i u s , v i a a d i a l o g box, a t the 
beginning of a ( s i m u l a t i o n ) r u n . Since a complete voyage could i n c l u d e 
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both open-sea t r a v e l and n e g o t i a t i o n of a crowded seaway (such as the 
Dover S t r a i t ) , v a r i a t i o n of the domain r a d i u s d u r i n g a voyage i s 
a n t i c i p a t e d ; manoeuvring i n such a seaway must of nece s s i t y be r a t h e r 
more constrained than i n the open sea. 
The requirements of the domain n e c e s s i t a t e s p e c i f i c a t i o n of a broader 
region o f i n t e r e s t , encompassing any hazard f o r which c u r r e n t a c t i o n i s 
re q u i r e d i n order t o avoid domain i n f r i n g e m e n t . As i n d i c a t e d i n chapter 
2, t h i s region has been reso l v e d t o a time-based c r i t e r i o n , i d e n t i f y i n g 
the i d e a l time f o r avoidance d e c i s i o n s and ( i f a p p r o p r i a t e ) a c t i o n . This 
POMT (Predetermined Optimum Manoeuvring Time) i s i d e n t i f i e d dynamically 
by the system; however, c e r t a i n parameters used i n t h a t d e c i s i o n process 
are of necessity provided as i n p u t a t the s t a r t o f a run ( u l t i m a t e l y , a t 
the s t a r t of a voyage). 
These i n c l u d e : the minimum RDRR, a value below which the POMT w i l l not 
be allowed t o f a l l so as not t o unduly concern ot h e r mariners ( a g a i n , 
t h i s could vary w i t h c o n d i t i o n s ) ; the maximum RDRR, used t o a s c e r t a i n t o 
what extent avoidance may be considered t o be the r e s p o n s i b i l i t y o f the 
other vessel - i . e . i f on working backward from min-RDRR t o max-RDRR, a t 
a l l p o i n t s c o n d i t i o n s i n d i c a t e r e s p o n s i b i l i t y l i e s w i t h the o t h e r 
v e s s e l , then t h i s may be assumed t o be the case (unless and u n t i l l a t e r 
circumstances show t h a t the master of the ot h e r vessel i s not t a k i n g 
a c t i o n ) ; the emergency RDRR, i n d i c a t i n g the l a t e s t time a t which own-
ship may take a v o i d i n g a c t i o n i f the othe r v e s s e l does not a c t i n 
accordance w i t h the r e g u l a t i o n s ; the b a l l p a r k , t h a t broader time-band a t 
which impending encounters should be evaluated t o f i n d the a p p r o p r i a t e 
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POMT. Current developments a l s o i n c l u d e the super-domain, a c i r c l e o f 
s p e c i f i e d r a d i u s w i t h own-ship o f f - c e n t r e which i s used t o c l a s s i f y a l l 
vessels i n the v i c i n i t y which may become i n v o l v e d i n an encounter, and 
should t h e r e f o r e be entered i n the knowledge base and monitored on a 
r e g u l a r basis (see chapter 10 f o r d e t a i l s ) . 
Use of o p t i m i s a t i o n techniques a l s o r a i s e s q u e s t i o n s as t o c o s t s and 
b e n e f i t s of d i f f e r e n t s t r a t e g i e s . The course which favours s a f e t y , 
w i t h o u t regard f o r e f f i c i e n c y or speed, may seem very l a u d i b l e but prove 
h i g h l y i m p r a c t i c a l . The s a f e s t course of a c t i o n f o r any vessel i s not t o 
move i t from i t s harbour b e r t h ; l e s s l u d i c r o u s , but s t i l l somewhat 
excessive, would be t o adopt as standard p r a c t i c e the l a s t - d i t c h measure 
of d e s c r i b i n g a complete c i r c l e , as a d e l a y i n g t a c t i c t o avoid every 
impending encounter. Between these over-cautious approaches a t one 
extreme, and a r e c k l e s s dash at the o t h e r , i s an i n f i n i t e l y - v a r i a b l e 
range of o p t i o n s balancing s a f e t y a g a i n s t expediency. Such o p t i o n s may 
be expressed as w e i g h t i n g f a c t o r s i n a cost f u n c t i o n , q u a n t i f y i n g t he 
r e l a t i v e prominence of d i f f e r e n t c o n s i d e r a t i o n s i n the d e c i s i o n process. 
The choice of those f a c t o r s would r e l a t e t o circumstances on a 
p a r t i c u l a r voyage, w i t h a p a r t i c u l a r master, and would t h e r e f o r e be 
included i n the performance parameters f o r t h a t voyage. 
At the present phase of development, a nominal set of w e i g h t i n g s have 
been w r i t t e n i n t o the look-ahead r o u t i n e s (see chapter 6 ) . I t i s 
a n t i c i p a t e d t h a t l a t e r developments w i l l i n c l u d e i n i t i a l s p e c i f i c a t i o n 
of a p p r o p r i a t e w e i g h t i n g s v i a an i n p u t d i a l o g box. 
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With regard to manoeuvring r e s t r i c t i o n s , no s p e c i f i c accommodation has 
been made as yet i n the expert system. I t i s recognised t h a t u l t i m a t e l y 
r e s t r i c t i o n s due t o d i s a b l e d equipment ( r u d d e r , p r o p e l l e r e t c . ) o r 
s p e c i a l i s e d f u n c t i o n ( d r e d g i n g , hydrographic s u r v e y i n g ) must be c a t e r e d 
f o r w i t h i n the system. Such c o n s t r a i n t s w i l l again be expressed as 
parameters r e l a t i n g t o a s p e c i f i c voyage. 
A.3. Vessel Routeing Data 
At present, the expert system does not take account o f any data on 
n a v i g a t i o n a l f e a t u r e s . However, the i n f e r e n c e engine and r u l e base are 
so s t r u c t u r e d as t o permit i n c o r p o r a t i o n of such data i n the f u t u r e . Two 
p a r a l l e l technologies are a n t i c i p a t e d as being o f d i r e c t relevance: 
e l e c t r o n i c c h a r t d i g i t a l i n f o r m a t i o n systems (ECDIS); and automatic 
weather r o u t e i n g . Current work on weather r o u t e i n g [ 2 0 ] centres on a 
dedicated system which i d e n t i f i e s passage way-points so as to o p t i m i s e 
voyage management s p e c i f i c a l l y w i t h regard t o a v o i d i n g bad weather 
areas. Since the system under c o n s i d e r a t i o n here i s concerned w i t h the 
immediate problem o f a v o i d i n g hazards between such way-points, the task 
o f weather r o u t e i n g f a l l s w i t h i n the general sphere o f 'passage 
plan n i n g ' , which i s not the r e s p o n s i b i l i t y o f t h i s system. Apart from 
the p o s s i b i l i t y of i n t e r f a c i n g the two systems a t some l a t e r date, no 
a c t i o n i s a n t i c i p a t e d on weather r o u t e i n g i n t h i s expert system. 
The present s t a t e - o f - t h e - a r t i n the f i e l d o f ECDIS [ 2 1 , 2 2 ] , w h i l s t 
p r o v i d i n g some impressive screen gra p h i c s , f a i l s t o come up to the mark 
i n respect of the r e q u i s i t e d i g i t a l data f o r processing by e l e c t r o n i c 
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d e c i s i o n systems. I t i s not p o s s i b l e , f o r example, t o i n t e r r o g a t e any 
(known) present ECDIS t o e l i c i t answers t o such questions as: how f a r t o 
po r t i s the 20-metre contour? i f I t u r n 30 degrees t o st a r b o a r d , w i l l I 
encounter any n a v i g a t i o n a l hazard w i t h i n A cables (0.4 n a u t i c a l m i l e s ) ? 
what course should I s t e e r t o l i n e up w i t h the deep-water channel i n t o 
the harbour? 
To date, the I n t e r n a t i o n a l Hydrographic O r g a n i s a t i o n have i s s u e d 
g u i d e l i n e s as t o standards r e q u i r e d i n implementations of ECDIS [ 2 3 ] . 
These i n c l u d e such f a c t o r s as: 
(a) use of c o l o u r s on VDU screens; 
( b ) minimum s i z e s of symbols f o r n a v i g a t i o n a l f e a t u r e s where 
c h a r t s are scaled down f o r d i s p l a y ; 
( c ) content of d e f a u l t d i s p l a y , on s t a r t - u p ; 
( d ) f a c i l i t i e s f o r c l e a r d i s p l a y of t e c h n i c a l data on c h a r t 
f e a t u r e s - e.g. l i g h t and radiobeacon data (where a p p r o p r i a t e ) 
f o r a n a v i g a t i o n a l beacon; 
(e ) o p t i o n a l b l a n k i n g - o u t o f n o n - e s s e n t i a l data on screen a t any 
given time; 
( f ) r e f r e s h speed f o r d i s p l a y ; 
( g ) accommodation o f c h a r t updates. 
I n s h o r t , defined standards t o date are concerned w i t h the form of 
d i s p l a y of c h a r t data. The corresponding requirement f o r a d i g i t a l 
database f o r i n t e l l i g e n t e l e c t r o n i c decision-making has not, as y e t , 
received the same c o n s i d e r a t i o n . 
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The nature and format of such a database i s a matter r e q u i r i n g c a r e f u l 
planning. An e l e c t r o n i c database should be capable of p r o v i d i n g data i n 
r e a l time on a v a r i e t y o f f e a t u r e s . One obvious area of concern i s the 
depth below the v e s s e l , and v a r i a t i o n o f depth i n d i f f e r e n t d i r e c t i o n s 
r a d i a t i n g from the v e s s e l ; t h i s i m p l i e s e i t h e r a close-mesh g r i d of 
depths f o r the whole area of the c h a r t ( v e r y expensive on memory) or 
some form of d i g i t a l r e p r e s e n t a t i o n of depth contours ( e x t r e m e l y 
d i f f i c u l t t o analyse i n r e l a t i o n t o one f i x e d p o i n t , and d i r e c t i o n s from 
t h a t p o i n t ) . Another area of i n t e r e s t i s t h a t o f n a v i g a t i o n a l a i d s -
buoys, l i g h t s e t c . These may simply be h e l d each as a record o f 
reference i n f o r m a t i o n ( i n which case a l l such records must be checked 
every time, i n case any i s r e l e v a n t ) , or somehow cross-referenced t o the 
close-mesh g r i d suggested above. F o l l o w i n g the l a t t e r idea t o i t s 
l o g i c a l c o n c l u s i o n , each g r i d square becomes a data node, h o l d i n g 
v a r i o u s i n f o r m a t i o n about t h a t small area; such an approach could prove 
t o t a l l y unworkable, both i n the time taken t o convert paper c h a r t s t o 
such a form, and i n the memory requirements of a s e t of such c h a r t s . 
The * l e a s t - c o s t * o p t i o n , o f e x t r a c t i n g d i g i t a l data d i r e c t l y from the 
video d i s k ( o r screen d i s p l a y ) g r a p h i c a l r e p r e s e n t a t i o n , may be 
dismissed on grounds of extreme i n e f f i c i e n c y , time-wise. What i s needed 
i s a r e p r e s e n t a t i o n which permits f a s t r e t r i e v a l o f data p e r t i n e n t t o a 
s p e c i f i c c h a r t p o s i t i o n , f o r processing i n r e a l time. 
Formulation of a d e f i n i t i v e standard f o r such data i s both e s s e n t i a l and 
extremely d i f f i c u l t . I f ECDIS databases are cre a t e d on an ad hoc ba s i s 
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by various o r g a n i s a t i o n s , then d e v i s i n g a standard i n t e r f a c e f o r such 
databases t o decision-making systems co u l d prove impossible. At the same 
time, any de f i n e d standard f o r d i g i t a l c h a r t data must take account o f 
a l l present and l i k e l y f u t u r e requirements on such data - at l e a s t on an 
* upward c o m p a t a b i l i t y * b a s i s . 
Given t h i s impasse, the only way forward w i t h the c o l l i s i o n avoidance 
expert system i s t o make c e r t a i n assumptions - and leave the way open 
f o r m o d i f i c a t i o n i f those assumptions prove f a l s e ( h o p e f u l l y , the f i n a l 
s o l u t i o n w i l l not be too f a r removed from any i n t e l l i g e n t i nformed 
c o n j e c t u r e ! ) . One l i n e of advance on t h i s research [2A] i s c u r r e n t l y 
i d e n t i f y i n g and c a t e g o r i s i n g the i n f o r m a t i o n a l needs of t h i s e x p e r t 
system and s i m i l a r systems w i t h respect t o d i g i t a l c h a r t data. The next 
step w i l l be t o d i g i t i s e an area o f c h a r t i n the form so d e f i n e d , and 
design a software i n t e r f a c e e nabling the expert system t o use such data 
i n i t s decision-making, 
A v i a b l e o p e r a t i o n a l expert system w i l l r e q u i r e such c h a r t data f o r t h e 
whole o f a passage - i . e . the f u l l area f o r which c o n v e n t i o n a l 
n a v i g a t i o n a l c h a r t s would normally be c a r r i e d . At the 'passage p l a n n i n g * 
phase r e f e r r e d t o e a r l i e r , i t i s a n t i c i p a t e d t h a t way-points f o r the 
voyage would be ^marked' on the database i n some way; one d e f i n e d 
o b j e c t i v e o f the expert system would then be t o c o r r e c t back towards t h e 
next waypoint each time a course a l t e r a t i o n i s made f o r avoidance 
purposes. 
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To sum up: the i n f o r m a t i o n a l requirements f o r d i g i t a l c h a r t data are 
f a i r l y c l e a r ; as y e t , no d e f i n e d standard has yet been f o r m u l a t e d ; 
development from the c u r r e n t stage o f the e x p e r t system must t h e r e f o r e 
a n t i c i p a t e (and h o p e f u l l y be d i r e c t l y i n v o l v e d i n ) such advances i n t h i s 
p a r a l l e l technology. 
A,4, Hazard Vessel Performance C h a r a c t e r i s t i c s 
As i n d i c a t e d i n chapter 2, the requirement f o r a d e t a i l e d model f o r own-
ship i s not m i r r o r e d by such a requirement f o r observed hazard vessels -
nor i s such a d e t a i l e d model a p r a c t i c a l p r o p o s i t i o n . However, t h e r e i s 
some m e r i t i n having a t l e a s t an approximate p i c t u r e of the l i k e l y 
manoeuvring c a p a b i l i t i e s o f a p o t e n t i a l hazard. I t would then be 
p o s s i b l e , f o r example, t o d e f i n e more p r e c i s e l y the e a r l i e s t and l a t e s t 
times a t which such a hazard might take a v o i d i n g a c t i o n , i f they are 
deemed t o be the give-way v e s s e l . T h i s would a i d i n decision-making as 
t o whether emergency a v o i d i n g a c t i o n i s a d v i s a b l e . 
U n t i l i d e n t i f i c a t i o n transponders are f i t t e d on ships (as on a i r c r a f t ) , 
i t i s c l e a r l y i m p r a c t i c a b l e t o expect automatic hazard i d e n t i f i c a t i o n by 
the expert system. Some degree of i d e n t i f i c a t i o n may be p o s s i b l e from 
speed and s i z e o f radar s i g n a l , but such a system would n e c e s s a r i l y 
c a r r y a high margin of e r r o r . I t would seem p r e f e r a b l e t o operate on a 
standard ' d e f a u l t * s e t t i n g , w i t h the p o s s i b i l i t y of operator o v e r r i d e i f 
a vessel type i s v i s u a l l y i d e n t i f i e d . 
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Since the i n t e n t i o n s of the master of a hazard vessel cannot be known 
(though they may sometimes be deduced), a s o p h i s t i c a t e d model of a 
hazard s h i p y i e l d s l i t t l e or no b e n e f i t over a more s i m p l i s t i c model. 
Any enhancement of the d e f a u l t s e t t i n g would t h e r e f o r e be a t a f a i r l y 
simple l e v e l - adjustment of t u r n i n g c i r c l e and/or d e c e l e r a t i o n r a t e 
(though these may vary s u b s t a n t i a l l y between, say, a cross-channel f e r r y 
and a VLCC (Very Large Crude C a r r i e r ) ) . I t would s u f f i c e t o have a t a b l e 
of reference data f o r , say, ten standard s h i p types, and match an 
observed hazard t o the c l o s e s t of those types. 
At the present stage o f implementation, hazard manoeuvring i s considered 
only on the basis of e i t h e r c o n s t a n t - v e l o c i t y motion or ( i f deemed the 
give-way vessel) the a p p r o p r i a t e avoidance manoeuvre i n good t i m e ; the 
l a t t e r c o n s i d e r a t i o n i s not a t a l l s p e c i f i c , except i n s o f a r as 
i d e n t i f y i n g the l a t e s t p o s s i b l e time f o r emergency a c t i o n i f such a 
manoeuvre does not appear t o be f o r t h c o m i n g . The s i m u l a t i o n o f the 
hazard vessel i n the development environment i s a d i f f e r e n t i s s u e , 
covered i n chapter 8. 
I t i s intended t h a t , as a l a t e r development, data on a comprehensive 
range o f ship types should be added (see s e c t i o n 11.5). The o p e r a t o r 
would then have the o p t i o n of i d e n t i f y i n g a s p e c i f i c hazard as one o f 
those types, v i a menu s e l e c t i o n . Such data could be u t i l i s e d by the r u l e 
base t o r e f i n e d e c i s i o n s on: 
( a ) r e s p o n s i b i l i t y f o r manoeuvring; and 
( b ) t i m i n g and a c t i o n , should emergency manoeuvring prove necessary. 
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4.5. Current Data on Own-Ship 
One o v e r r i d i n g concern i n the c o l l i s i o n avoidance task i s the immediacy 
of i t s a p p l i c a t i o n - i f i t can't be done now, t h e r e ' s no p o i n t i n doing 
i t a t a l l . More than t h a t , the system must a c t u a l l y be a n t i c i p a t o r y , 
r a t h e r than j u s t c o n s i d e r i n g past or present circumstances. T h i s i m p l i e s 
a constant process of data capture and a n a l y s i s w i t h very s t r i c t r e a l -
time c o n s t r a i n t s ; t h a t a n a l y s i s must g i v e an a p p r a i s a l of the f u t u r e 
s i t u a t i o n - i n some cases, s e v e r a l a l t e r n a t i v e f u t u r e s i t u a t i o n s , 
depending on a c t i o n taken i n the i n t e r i m p e r i o d . 
To achieve such a g o a l , i t i s f i r s t necessary t o c o n s t a n t l y have a 
c u r r e n t p i c t u r e o f the s t a t e of own-ship. I t i s f u r t h e r necessary t o be 
able t o e x t r a p o l a t e from t h a t data what the s t a t e o f own-ship may be a t 
various times i n the f u t u r e , g i ven d i f f e r e n t p o s s i b l e c o n t r o l i n p u t s t o 
the t o t a l s hip system. 
One major c o n s i d e r a t i o n i s t h a t of the frame of r e f e r e n c e ; should a l l 
data be assessed r e l a t i v e t o own-ship, or i s t h e r e a f i x e d frame of 
reference from which a l l measurements should be taken? I n the open sea 
t h i s d e c i s i o n i s l e s s c l e a r - c u t than i n c o a s t a l areas, where c e r t a i n 
very f i r m l y f i x e d f e a t u r e s demand c o n s i d e r a t i o n . Even f a r from l a n d , 
however, waypoints are based on c h a r t e d p o s i t i o n s , and f i x e d t r a f f i c 
s e paration zones may apply. Given the p o s i t i o n - f i x i n g systems now i n 
o p e r a t i o n (Decca, Loran-C, GPS), a b s o l u t e measurements would appear t o 
be the convenient and expedient approach. R e l a t i v e measurements from 
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radar can be simply converted t o absolute terms, g i v i n g t r u e p o s i t i o n 
and motion ( t h i s i s a l s o considered b e n e f i c i a l as regards screen d i s p l a y 
format - see s e c t i o n 7.1). 
Simulated data used i n the present v e r s i o n o f the expert system 
comprises own-ship p o s i t i o n ( w i t h respect t o a f i x e d reference g r i d ) , 
speed and heading, plus c u r r e n t rudder s e t t i n g . I t i s a n t i c i p a t e d t h a t a 
l i v e implementation would r e c e i v e such data from sensors on engines, 
rudder and gyro compass, plus d i r e c t i n p u t from GPS or another p o s i t i o n -
f i x i n g system. Such l i v e data would, of course, be s u b j e c t t o c e r t a i n 
e r r o r bounds; these would need t o be determined and allowed f o r -
possibly by a percentage increase i n domain s i z e , and other s i m i l a r 
safety margins. The t o p i c of * e r r o r a n a l y s i s and compensation on l i v e 
data i n p u t * i s a s u b s t a n t i a l area f o r i n v e s t i g a t i o n a t a l a t e r d ate. 
A.6. Current Data on Hazard Vessel 
The only form o f coimnunication t h a t can be guaranteed between two 
vessels a t sea i s t h a t o f mutual o b s e r v a t i o n (even t h a t may be d i f f i c u l t 
i n bad c o n d i t i o n s ) . Radio con t a c t i s a bonus - but t h a t can i t s e l f lead 
t o hazardous s i t u a t i o n s , i f such communication i s r e l i e d upon i n place 
of the standard maritime p r o t o c o l s [ 2 5 ] . As p r e v i o u s l y s t a t e d , s h i p s do 
not as yet c a r r y transponders f o r i d e n t i f i c a t i o n . 
I t f o l l o w s t h a t the only data which the expert system may use, i n 
planning s t r a t e g y w i t h respect t o an observed hazard, comprises 
observations which may be made through a v a i l a b l e i n s t r u m e n t a t i o n -
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notably radar. I t i s not uncommon p r a c t i c e f o r mariners t o i d e n t i f y a 
f a m i l i a r v e s s e l , and even surmise the l i k e l y i n t e n t i o n s of i t s master -
such refinements, i n terms of user i n p u t , are being considered f o r t h e 
f u t u r e . 
An ARPA (Automatic Radar P l o t t i n g A i d ) provides data on p o s i t i o n and 
v e l o c i t y f o r a number of * t a r g e t ' vessels, e i t h e r picked out by the 
operator or acquired a u t o m a t i c a l l y as they e n t e r pre-set 'guard bands'. 
Such data enables the expert system t o c a l c u l a t e the f u t u r e p o s i t i o n o f 
such a ve s s e l , on a c o n s t a n t - v e l o c i t y b a s i s . This i n f o r m a t i o n i s used t o 
determine: 
(a) whether the vessel c o n s t i t u t e s a hazard on c u r r e n t heading; 
( b ) where t h e r e s p o n s i b i l i t y l i e s f o r giving-way, should t h e need 
a r i s e ; 
( c ) what i s the best time and course of a c t i o n , i f own-ship i s the 
give-way v e s s e l . 
V e l o c i t y data may a l s o , i n the f u t u r e , a s s i s t i n i d e n t i f y i n g the type o f 
the hazard vessel and f i l t e r i n g i t t o one o f the standard types r e f e r r e d 
to i n s e c t i o n A.4 (see a l s o s e c t i o n 11.5). 
The present expert system uses simulated data of the type expected from 
an ARPA; as d e t a i l e d I n appendix B, an ARPA has been f i t t e d to a 
research v e s s e l , and developments i n d i r e c t data a c q u i s i t i o n w i l l 
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commence s h o r t l y . C l e a r l y the same caveats which apply t o data i n t e g r i t y 
f o r own-ship are a l s o a p p l i c a b l e here, and a p p r o p r i a t e e r r o r 
margins/strategies w i l l have t o be considered, 
A.7. Current Data on Fixed Hazards 
Section 4.3 considered i n d e t a i l the requirement f o r n a v i g a t i o n a l c h a r t 
data f o r the complete passage. This s e c t i o n i s concerned w i t h the need, 
at any given time, f o r data on any f e a t u r e s needing c o n s i d e r a t i o n i n the 
immediate v i c i n i t y . I . e . r e a l - t i m e r e t r i e v a l of r e l e v a n t c h a r t d a t a , f o r 
I n c l u s i o n i n the d e c i s i o n process. T h i s lends a r a t h e r new p e r s p e c t i v e , 
since own-ship w i l l , t o a l l i n t e n t s and purposes, be at some p o i n t 
defined w i t h i n t h a t database, and w i l l need access t o data on o t h e r 
features a t , or i n cl o s e p r o x i m i t y t o , t h a t same p o i n t . This does not 
correspond t o the requirements of any o t h e r database s t r u c t u r e known t o 
the author. Developments are awaited w i t h i n t e r e s t - and h o p e f u l l y 
a c t i v e p a r t i c i p a t i o n . 
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CHAPTER 5 
RULES FOR THE TWO-SHIP SITUATION 
'Alas! (thought I , and my heart beat l o u d ) 
How f a s t she nears and nears! 
Are those her s a i l s t h a t glance i n the sun. 
Like r e s t l e s s gossameres?* 
Samuel Taylor Coleridge (1772-183A) The Rime of the Ancient Mariner. 
When d e v i s i n g a complex system f o r an a d v i s o r y or c o n t r o l f u n c t i o n , i t 
would seem se n s i b l e t o s t a r t w i t h the s i m p l e s t p o s s i b l e s i t u a t i o n , then 
b u i l d on t h a t . I n so doing, care must be taken t h a t such an approach 
does not lead down a b l i n d a l l e y , p r e c l u d i n g expansion by the very 
nature o f the s o l u t i o n . At a l l times i n the development o f the r a t i o n a l e 
the way must be l e f t open f o r growth, i n whatever d i r e c t i o n i s 
considered necessary a t any l a t e r stage. 
The present expert system i s designed on t h i s p r i n c i p l e , w i t h two l e v e l s 
of expansion envisaged f o r the f u t u r e . At the sim p l e s t l e v e l , h a n d l i n g 
of various encounter types may be enhanced by extension of the r u l e base 
as required - greater f l e x i b i l i t y i n i d e n t i f y i n g and co u n t e r i n g a wide 
range o f t h r e a t e n i n g s i t u a t i o n s , improved judgement and d e x t e r i t y i n 
de a l i n g w i t h emergencies, more s o p h i s t i c a t e d response t o changing 
circumstances. At a higher l e v e l , the u n d e r l y i n g p r i n c i p l e s o f the 
system may be m o d i f i e d , w i t h o u t major upheaval, t o i n c o r p o r a t e new 
fe a t u r e s - i n t e r f a c i n g of e l e c t r o n i c c h a r t database, p r o v i s i o n of a more 
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d i s c r i m i n a t i n g cost f u n c t i o n f o r d e c i s i o n o p t i m i s a t i o n (see chapter 6 ) , 
v a r i a t i o n of hazard performance model t o f i t i d e n t i f i e d vessel t y p e . 
The simplest p o s s i b l e encounter s i t u a t i o n , and hence the basis f o r t h i s 
expert system, i s t h a t o f two vessels i n the open sea. T h i s reduces 
avoidance c o n s i d e r a t i o n s t o the simple expedient of manoeuvring so as t o 
avoid the other vessel ( o r l e a v i n g such manoeuvring to t h a t o t h e r 
vessel, i f a p p r o p r i a t e ) , w i t h o u t concern over knock-on e f f e c t s 
( l i t e r a l l y ! ) engendered by other vessels or f i x e d hazards i n the 
v i c i n i t y . The i n t e n t i o n i s t h a t such e f f e c t s may be d e a l t w i t h i n l a t e r 
enhancements of the i n f e r e n c e engine and/or r u l e base - indeed, r e c e n t 
work b u i l d i n g on t h i s research has shown the e f f i c a c y of t h i s approach 
[ 6 . 7 ] , 
5.1 Rules of EngaRement 
In any two-ship encounter, the nature of t h a t encounter i s determined by 
the r e l a t i v e p o s i t i o n s of the two v e s s e l s a t the time of e v a l u a t i n g the 
s i t u a t i o n . That time i s i t s e l f i n d e t e r m i n a t e , s i n c e the c o l l i s i o n 
avoidance r e g u l a t i o n s s t a t e t h a t avoidance a c t i o n should be taken ' i n 
good time' - the p o s s i b l e consequences of such a s u b j e c t i v e requirement 
w i l l be considered s h o r t l y . The j u x t a p o s i t i o n of the two v e s s e l s i n 
c o n t e n t i o n i s viewed i n r e l a t i o n t o the n a v i g a t i o n l i g h t s of those 
vessels, and the s e c t o r s subtended by those n a v i g a t i o n l i g h t s . 
Figure 5.1 i l l u s t r a t e s the three s e c t o r s subtended by the n a v i g a t i o n 
l i g h t s o f a s h i p : green ( s t a r b o a r d ) , red ( p o r t ) and white ( r e a r ) . I f a 



















Figure 5.1 The three sectors around a vessel, as designated for navigational 
purposes and subtended by the ship's navigation lights. 
i s deemed t o be o v e r t a k i n g ; i f w i t h i n the red s e c t o r , c r o s s i n g from p o r t 
s i d e ; i f w i t h i n the green s e c t o r , c r o s s i n g from s t a r b o a r d s i d e . The only 
exception t o these d e f i n i t i o n s i s where the two vessels are approaching 
on n e a r - r e c i p r o c a l courses ( i . e . w i t h i n a few degrees of head-on); t h i s 
i s deemed a head-on encounter. 
The c o l l i s i o n avoidance r e g u l a t i o n s are very s p e c i f i c i n c e r t a i n 
respects, l e s s so i n o t h e r s . The phrases * i n good time* ( f o r avoidance 
d e c i s i o n and a c t i o n ) , 'a c l e a r t u r n ' (as i n d i c a t i v e of i n t e n t ) , and 
'maintain a safe d i s t a n c e * a r e a l l phrases which, a l t h o u g h eminently 
reasonable, leave a degree of s u b j e c t i v e i n t e r p r e t a t i o n w i t h the mariner 
(and p o s s i b l y s l i g h t l y d i f f e r e n t i n t e r p r e t a t i o n s w i t h the masters o f two 
vessels i n c o n t e n t i o n ) . 
Figure 5.2 i l l u s t r a t e s the f i v e basic encounter s i t u a t i o n s , as 
i d e n t i f i e d i n the r e g u l a t i o n s . The requirement on each vessel i s as 
f o l l o w s ( t a k i n g hazard vessel as s h i p B i n each case): 
( 1 ) Head-on 
Both vessels are r e q u i r e d t o a l t e r t o s t a r b o a r d , m a i n t a i n a safe 
d i s t a n c e , then a l t e r - b a c k when s a f e l y past; 
( 2 ) Crossing from p o r t s i d e ( s h i p A) 
The vessel observing the o t h e r ' s red l i g h t ( i . e . s h i p A) i s 
re q u i r e d t o a l t e r t o s t a r b o a r d , pass a safe d i s t a n c e behind the 
other vessel ( s h i p B), then c o r r e c t back onto course when s a f e l y 
past; the vessel observing the o t h e r ' s green l i g h t ( s h i p B) i s not 
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r e q u i r e d t o a l t e r course unless the other vessel i s seen not t o be 
t a k i n g a p p r o p r i a t e a c t i o n , 
( 3 ) Crossing from starboard s i d e ( s h i p A) 
The r o l e s o f ship A and ship B are reversed w i t h regard t o 
r e s p o n s i b i l i t y f o r avoidance, as i n d i c a t e d i n ( 2 ) ; 
( 4 ) Overtaking from p o r t q u a r t e r ( s h i p A) 
The o v e r t a k i n g vessel i s r e q u i r e d t o a l t e r t o s t a r b o a r d , pass 
behind a t a safe d i s t a n c e , then c o r r e c t back onto course when safe 
t o do so; 
(5) Overtaking from starboard q u a r t e r ( s h i p A) 
The o v e r t a k i n g vessel i s r e q u i r e d t o take a v o i d i n g a c t i o n as 
f o l l o w s : i f i t i s safe t o do so, i t may a l t e r t o s t a r b o a r d , 
p a r a l l e l - u p and overtake a t a safe d i s t a n c e on t h e s t a r b o a r d s i d e 
of the vessel being overtaken, then c o r r e c t back onto course and 
cross a t a safe d i s t a n c e ahead (observed by C o l l e y [ 2 7 ] t o be an 
accepted p r a c t i c e ) ; otherwise, a l t e r t o p o r t and cross at a safe 
d i s t a n c e behind, c o r r e c t back onto course when s a f e t o do so. 
I t i s a l s o s t a t e d i n the r e g u l a t i o n s t h a t , once an encounter has been 
i d e n t i f i e d as being o f a p a r t i c u l a r type (as d e f i n e d above), then the 
procedure f o r t h a t encounter type should be f o l l o w e d through, A change 
i n apparent circumstances does not warrant a change i n p o l i c y , unless 
occasioned by untoward a c t i o n on the p a r t o f the o t h e r v e s s e l ( o r , 











Figure 5.2 The five basic encounter situations: 
\ ) head-on 
2) crossing fronn hazard's port side 
3) crossing from hazard's storboord side 
'A\ overtaking fronn hazard's port guorter 














Figure 5.3 Two differing perceptions of a single encounter situation. 
At time T1, A would be seen as the give-way vessel in an overtaking encounter. 
At time T2, B would be seen as the give-way vessel in a crossing encounter. 
This p o i n t i s i l l u s t r a t e d by f i g u r e 5.3. Vessel A i s approaching v e s s e l 
B from behind, on the starboard q u a r t e r . At time T l , A i s i n B's w h i t e 
( o v e r t a k i n g ) s e c t o r ; s h o r t l y a f t e r w a r d s , a t time T2, A i s i n B's green 
( s t a r b o a r d ) s e c t o r . The i m p l i c a t i o n of t h i s i s t h a t : a t time T l the 
s i t u a t i o n would be evaluated as an o v e r t a k i n g encounter, w i t h v e s s e l A 
having r e s p o n s i b i l i t y f o r a v o i d i n g (by t u r n i n g t o p o r t , and behind B); 
whereas at time T2 i t evaluates as a c r o s s i n g encounter, vessel B now 
being responsible f o r giving-way by a l t e r i n g t o starboard and behind A. 
There are two p o i n t s t o be drawn from t h i s i l l u s t r a t i o n : 
( 1 ) i f the encounter i s assessed a t time T l , then the assessment as an 
o v e r t a k i n g encounter, and the consequent r e s p o n s i b i l i t y f o r a c t i o n , 
should be f o l l o w e d through i r r e s p e c t i v e of the f a c t t h a t the 
s i t u a t i o n may s h i f t t o a c r o s s i n g encounter at some stage i n the 
process; 
(2) more s i g n i f i c a n t l y , i f master B assesses the encounter a t tim e T l , 
he w i l l see i t as an o v e r t a k i n g encounter w i t h A the a v o i d i n g 
vessel, and w i l l adopt a stand-on stance; i f master A then assesses 
the s i t u a t i o n a t the l a t e r time T2, he w i l l regard i t as a c r o s s i n g 
encounter w i t h B t o avoid, and w i l l a l s o stand-on; such a ( v a l i d ) 
d i f f e r e n c e i n o u t l o o k could w e l l lead t o emergency a c t i o n by e i t h e r 
or both vessels a t some time i n the f u t u r e . 
J u s t such a d i f f e r e n c e of o p i n i o n was the r o o t cause o f a c o l l i s i o n 
between the 'Nowy Sacz' and the 'Olympian' i n 1972 [ 2 6 ] . The f a c t 
t h a t the c o u r t o f appeal reversed both the judgement and the 
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apportionment of blame (as given by the lower c o u r t ) i s i n d i c a t i v e 
o f the d i s p a r i t y o f views p o s s i b l e i n such circumstances. 
The r e g u l a t i o n s a l s o a l l o w f o r the p o s s i b i l i t y of a course change a t 
some e a r l i e r stage, so as t o o b v i a t e the need f o r any avoidance 
manoeuvre (see s e c t i o n 2.2). W h i l s t t h i s d e r e s t r i c t i o n i s i n t e r p r e t e d i n 
a v a r i e t y of ways by mariners, a d e f i n i t i v e system such as t h i s must 
have a c l e a r , s e l f - c o n s i s t e n t approach - t h i s does not preclude 
f l e x i b i l i t y - which makes due allowance f o r whatever i n t e r p r e t a t i o n i s 
put upon i t by the master of a p o t e n t i a l hazard vessel. 
5.2. The Expert System Rules 
The r u l e s as d e f i n e d i n the expert system, f o r c o l l i s i o n avoidance i n 
the two-ship s i t u a t i o n , f o l l o w the requirements of the c o l l i s i o n 
avoidance r e g u l a t i o n s , i n a manner which seeks t o remove any u n c e r t a i n t y 
or s u b j e c t i v i t y from t h e i r i n t e r p r e t a t i o n . The basic 'standard* 
avoidance manoeuvre i s as f o l l o w s : 
( 1 ) a l t e r course ( t o p o r t or s t a r b o a r d , as a p p r o p r i a t e ) by a t l e a s t a 
standard ^minimum t u r n ' - t h i s i s d e f i n e d as a system parameter, 
set at 15 degrees on some occasions, 45 on others ( c o v e r i n g the 
observed range used by m a r i n e r s ) ; the t u r n may need t o c o n t i n u e 
beyond t h i s value t o ensure domain clearance, or i n c e r t a i n 
circumstances t o meet s p e c i f i c requirements of a p a r t i c u l a r r u l e ; 
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( 2 ) proceed i n a s t r a i g h t l i n e on the new course u n t i l 
( a ) r e t u r n i n g t o o r i g i n a l course would no longer t h r e a t e n domain 
i n f r i n g e m e n t , and 
(b ) any s p e c i f i c requirements f o r t h i s type of encounter have been 
met; 
(3) a l t e r back t o o r i g i n a l course; proceed p a r a l l e l t o o r i g i n a l t r a c k . 
I n the open sea, c o r r e c t i o n back onto o r i g i n a l t r a c k t o pick up a way-
p o i n t i s not a major c o n s i d e r a t i o n , since t h i s may g e n e r a l l y be 
accomplished over a p r o t r a c t e d d i s t a n c e . T h i s would be the 
r e s p o n s i b i l i t y o f the (computerised) n a v i g a t i o n system ( i . e . an 
a u t o p i l o t ) r a t h e r than the c o l l i s i o n avoidance system. 
The expert system f u n c t i o n s by c o n t i n u a l l y c y c l i n g through a system o f 
r u l e s defined i n a form based l o o s e l y on a bina r y t r e e s t r u c t u r e - see 
s e c t i o n 3.3. At a p a r t i c u l a r t i m e-step, the vessel's c u r r e n t s t a t e w i l l 
be i d e n t i f i e d by one o f those r u l e s ( i n d i c a t e d by a system p o i n t e r ) , 
w i t h e i t h e r a change i n s t a t e t o a new r u l e or continued/repeated 
a p p l i c a t i o n of the same r u l e a t the next time-step. 
I n i t i a l l y the system c y c l e s on a *look-out* r u l e , which notes any hazard 
on course f o r domain i n f r i n g e m e n t . Once such a hazard e n t e r s the 
^ b a l l p a r k * (a time-based boundary, c u r r e n t l y set at 20 minutes t o domain 
i n f r i n g e m e n t ) , c o n t r o l t r a n s f e r s t o a new r u l e which prepares f o r the 
encounter. Figure 5.A i l l u s t r a t e s the concept of the ' b a l l p a r k ' i n 
r e l a t i o n t o three p o t e n t i a l hazards t r a v e l l i n g a t d i f f e r e n t speeds, 
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Range to Domain ^ 
2 nautical mis / Speed 






Range to Domain 
1.5 nautical mis ^ 
Speed 
4.5 knots 
Figure 5.4 I l lustration of the 'ballpark' concept as a t i m e - b a s e d threshold 
The three hazard vessels shown are at differing distances from 
own-sh ip 's domain, but all exactly 20 minutes from projected 
domain infr ingement - a 2 0 - m i n u t e ballpark. 
On e n t e r i n g the b a l l p a r k , a hazard t r i g g e r s the look-ahead mechanism 
(described i n d e t a i l i n chapter 6 ) , which i d e n t i f i e s the nature o f the 
impending encounter and the o p t i m a l manoeuvre w i t h which to counter the 
t h r e a t . The t i m i n g f o r t h i s manoeuvre (POMT - see s e c t i o n 2,1) i s noted, 
and the * ready' r u l e i s invoked. 
I n the * ready' s t a t e , own-ship i s allowed t o proceed w i t h o u t any change 
i n course through successive t i m e - s t e p s , u n t i l the POMT i s reached. At 
t h i s p o i n t , the f i r s t stage o f the a p p r o p r i a t e avoidance manoeuvre 
(which might be * stand-on*) i s s e l e c t e d , and the system proceeds t o work 
through the r u l e s f o r the p a r t i c u l a r encounter type under c o n s i d e r a t i o n . 
The sequence f o r each type of encounter i s described i n d e t a i l below. 
(1) Head-on 
Two vessels are approaching each other on r e c i p r o c a l bearings, plus 
or minus a given t o l e r a n c e ( t y p i c a l l y , 10 degrees). A vessel i n 
such an encounter must consider i t s e l f give-way, a l t e r i n g course t o 
starboard ( r i g h t ) by the r e q u i r e d t u r n as d e f i n e d e a r l i e r . I t w i l l 
c ontinue on the new course u n t i l the other vessel has passed abeam 
to port ( l e f t ) - i . e . i t s r e l a t i v e bearing from own-ship i s between 
270 and 180 degrees. I t w i l l then a l t e r - b a c k onto o r i g i n a l course. 
(2) Crossing 
Two vessels are approaching such t h a t one can see a green l i g h t , 
and the other a red l i g h t , on each othe r ' s v e s s e l . The s h i p v i e w i n g 
red - i . e . such t h a t ix i s on a r e l a t i v e bearing g r e a t e r than 247.5 
degrees, viewed from the other ship - should give-way, a l t e r i n g t o 
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starboard f o r the r e q u i r e d t u r n as d e f i n e d e a r l i e r . I t should 
continue on t h i s new course u n t i l the o t h e r vessel has passed 15 
degrees t o p o r t of own-ship*s o r i g i n a l heading ( i . e . i f own-ship 
were i n s t a n t a n e o u s l y back on course, the o t h e r vessel would be on a 
r e l a t i v e bearing of l e s s than 345 degrees, having crossed the bows 
of own-ship). I t w i l l then a l t e r - b a c k onto o r i g i n a l course. 
The ship viewing green - i . e . on a r e l a t i v e bearing of l e s s than 
112.5 degrees seen from the other s h i p , adopts a stand-on stance. 
(3 ) Overtaking 
An o v e r t a k i n g vessel ( r e l a t i v e bearing between 112.5 and 267.5 
degrees, seen from the other s h i p ) w i l l give-way as f o l l o w s : 
( a ) i f on a n e a r - p a r a l l e l course ( t o w i t h i n a f i x e d t o l e r a n c e ) , go 
behind t o starboard by r e q u i r e d t u r n as d e f i n e d e a r l i e r ; a l t e r 
back onto course once doing so w i l l not i n f r i n g e the domain; 
(b) i f on p o r t q u a r t e r of stand-on vessel ( r e l a t i v e bearing from 
other ship between 180 and 247.5 degrees), a c t i o n as f o r ( a ) ; 
( c ) i f on starboard q u a r t e r ( r e l a t i v e b e a r i n g from other s h i p 
between 112.5 and 180 degrees) and c u r r e n t course would take 
own-ship ahead of hazard and i t i s p o s s i b l e t o p a r a l l e l - u p (by 
t u r n i n g t o s t a r b o a r d ) w i t h o u t i n f r i n g e i n g domain, do so; when 
i t i s p o s s i b l e t o r e t u r n t o course (passing ahead) w i t h o u t 
i n f r i n g e i n g domain, a l t e r back to p o r t , onto o r i g i n a l course; 
(d) o therwise, t u r n t o p o r t by r e q u i r e d t u r n as d e f i n e d , pass 
behind hazard vessel; a l t e r back onto course ( t o s t a r b o a r d ) 
once such a c t i o n w i l l not cause domain i n f r i n g e m e n t . 
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The a d d i t i o n a l clearance requirements i n c l u d e d i n some of the above 
r u l e s are taken from e a r l i e r research by Co l l e y [ 2 7 ] , A s i m u l a t i o n o f 
ship encounters, and consequent manoeuvres, used c r i t e r i a based on 
observation of common p r a c t i c e by experienced mariners. I t seems 
possib l e t h a t a system of r u l e s which does not i n v o l v e such ( a p p a r e n t l y 
f a i r l y a r b i t r a r y ) f i g u r e s could perform e q u a l l y w e l l , though not 
ne c e s s a r i l y i n a s t y l e f a m i l i a r t o mariners. 
This r a i s e s the broader question of the e x t e n t t o which the e x p e r t 
system should a c t u a l l y mimic c o n v e n t i o n a l human behaviour, as opposed t o 
simply performing t h e task competently and s a f e l y , making best use o f 
i t s e l e c t r o n i c c a p a b i l i t i e s . This i s a s i g n i f i c a n t i s s u e , since i t 
hinges on the r e l a t i v e s t r e n g t h s and weaknesses o f the computer-based 
system as c o n t r a s t e d w i t h the human o f f i c e r of the watch. For example, 
the change i n aspect of a vessel s t a r t i n g t o t u r n would be r e a d i l y 
observable very q u i c k l y by eye, but a sequence of s e v e r a l radar readings 
would be r e q u i r e d t o c o n f i r m t h i s e l e c t r o n i c a l l y ; by c o n t r a s t , the human 
observer would not r e a d i l y e x t r a p o l a t e the time and l o c a t i o n of t h e CPA 
(Closest Point of Approach) of a t a r g e t v e s s e l , whereas h i s e l e c t r o n i c 
c o u n t e r p a r t could provide such i n f o r m a t i o n i n a f r a c t i o n of a second. 
I t i s i n a p p r o p r i a t e , however, f o r the computer-based expert system t o 
implement the o p t i m a l e l e c t r o n i c s o l u t i o n w i t h o u t regard f o r human 
conventions. Since a vessel communicates i t s master's i n t e n t i o n s 
p r i m a r i l y by i t s a c t i o n s , unconventional behaviour could lead t o 
u n c e r t a i n t y on the p a r t o f other mariners. I t i s t h e r e f o r e i m p o r t a n t t o 
s t r i k e a balance between the most e f f i c i e n t performance achievable by 
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such an expert system and a s t y l e o f o p e r a t i o n which w i l l be f a m i l i a r 
and r e a s s u r i n g t o o t h e r mariners i n the v i c i n i t y . This i s not s i m p l y an 
a f f i r m a t i o n of the need t o conform t o the o f f i c i a l r e g u l a t i o n s - q u i r k y 
behaviour or * brinkmanship* w i t h i n the c o n s t r a i n t s of those r e g u l a t i o n s 
could s t i l l be most d i s c o n c e r t i n g t o experienced mariners. Conventional 
behaviour i s a v a l i d aim i n i t s e l f . 
As a consequence i t i s considered e s s e n t i a l t h a t the s t r a t e g i e s 
implemented by t h i s system should be acceptable to experienced m a r i n e r s , 
and recognisable as conforming w i t h standard p r a c t i c e . A s u b s t a n t i a l 
element i n the v a l i d a t i o n of the r u l e s and t h e i r mode of implementation 
c o n s i s t s of j u s t such a t e s t of a c c e p t a b i l i t y - see chapter 9. 
5.3. Emergency Manoeuvring 
The r u l e s defined i n s e c t i o n 5.2 have been formulated on the premise 
t h a t both vessels i n the encounter behave i n c o n f o r m i t y w i t h the a n t i -
c o l l i s i o n r e g u l a t i o n s . This i s not always the case; the master of a 
hazard vessel may f a i l t o take the a c t i o n r e q u i r e d of him, or even act 
i n such a way as t o aggravate the s i t u a t i o n . 
Such circumstances are not n e c e s s a r i l y a t t r i b u t a b l e t o negligence or 
incompetence. As i n d i c a t e d i n s e c t i o n 5.1, two w e l l - i n t e n t i o n e d masters 
may, i n good f a i t h , a l l o w t h e i r vessels t o reach a p o i n t where normal 
s a f e t y manoeuvring w i l l not r e s o l v e the p o t e n t i a l c o n f l i c t . Nonetheless, 
whether due t o i n a t t e n t i o n , incompetence, inclement c o n d i t i o n s or 
incompatible assessments of the s i t u a t i o n , such c o n f l i c t s must be 
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resolved. There i s t h e r e f o r e a need w i t h i n any s u i t e of c o l l i s i o n 
avoidance s t r a t e g i e s f o r a contingency plan ( o r p r e f e r a b l y , p l a n s ) f o r 
emergency manoeuvring. 
The c r i t e r i a f o r d e c i s i o n s on emergency manoeuvring are by no means 
c l e a r - c u t . I n p a r t i c u l a r , i t i s very d i f f i c u l t t o judge, before i t i s 
too l a t e , whether the master of a hazard vessel i s i n f a c t n e g l e c t i n g 
h i s r e s p o n s i b i l i t y t o a v o i d , or whether h i s i n t e r p r e t a t i o n o f the term 
' i n good time' i s simply r a t h e r l e s s generous than one's own. C l e a r l y , 
i f one i s forced ( o r a t l e a s t , persuaded) t o implement an emergency 
avoidance manoeuvre, i t should be done: 
( a ) i n time t o be e f f e c t i v e , w i t h o u t pre-empting a genuine safe 
manoeuvre by the other vessel i n such a way as to aggravate the 
s i t u a t i o n ; 
( b ) so as t o defuse, r a t h e r than compound, the problem should the 
master of the oth e r vessel a l s o attempt t o take a c t i o n b e l a t e d l y . 
I n t r a n s f e r r i n g from a human agent t o a computer system f o r such 
decision-making, t h i s takes such reasoning from the i n t u i t i v e t o the 
d e f i n i t i v e . I t i s not p r a c t i c a b l e t o a c t on the basis of what 'looks 
r i g h t ' or 'seems a p p r o p r i a t e ' ; the r a t i o n a l e behind any d e c i s i o n to take 
emergency a c t i o n , and what t h a t a c t i o n should be, must be s p e l t o ut i n 
d e f i n i t i v e terms ( a l b e i t p o s s i b l y i n v o l v i n g an element o f 'fuzzy 
l o g i c ' ) . 
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The p r i n c i p a l aim of t h i s computerised avoidance system i s t o preserve 
the i n t e g r i t y o f the domain; a secondary concern i s the s e l e c t i o n o f a 
s t r a t e g y which achieves t h i s w i t h optimum e f f i c i e n c y (see chapter 6 ) . 
A l l other c o n s i d e r a t i o n s stem from these two o b j e c t i v e s . I t f o l l o w s 
t h a t , where r e q u i r e d t o do so under the r e g u l a t i o n s , own-ship w i l l 
manoeuvre so as t o c l e a r the domain but not by an excessive margin. 
I t i s reasonable t o expect t h a t any oth e r v e s s e l , whether under human or 
computer-assisted guidance, would perform l i k e w i s e when r e q u i r e d t o 
give-way. F o l l o w i n g through such l o g i c , i t would i n many cases be 
premature t o assume negligence on the p a r t of the (master of t h e ) o t h e r 
vessel u n t i l domain i n f r i n g e m e n t i s v i r t u a l l y i n e v i t a b l e . T h i s 
presupposes, of course, t h a t the oth e r vessel's manoeuvring 
c a p a b i l i t i e s , and her master's p e r c e p t i o n o f domain s i z e , are comparable 
t o one's own. 
One possible response t o such argument i s the though t h a t "Surely t he 
master of the other vessel could be expected t o g i v e a good wide 
clearance, i f a c t i n g under non-emergency c o n d i t i o n s ? I f t h i s was not 
forthcoming, then emergency manoeuvring could be undertaken by own-ship 
w i t h s t i l l ample, i f l e s s , safe clearance". This i s , of course, e x a c t l y 
what one would expect i n such circumstances. 
There i s no c o n t r a d i c t i o n here w i t h the p r i n c i p l e s embodied i n the 
computerised system under c o n s i d e r a t i o n . Indeed, the reasoning o u t l i n e d 
above serves t o both d e f i n e and h i g h l i g h t those p r i n c i p l e s . I n essence, 
there i s a requirement f o r a s u b s t a n t i a l domain which i s to be preserved 
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under normal manoeuvring and a reduced domain f o r emergency manoeuvring. 
The proviso t h a t the emergency domain should not be v i o l a t e d under any 
circumstances ( b a r r i n g unavoidable aggressive manoeuvring on the p a r t of 
a hazard) w i l l determine the t h r e s h o l d a t which own-ship (as the s t a n d -
on vessel) decides t h a t emergency avoidance a c t i o n i s necessary. 
The c r i t e r i a f o r emergency manoeuvring, then, are much the same as f o r 
normal manoeuvres. Once the hazard s h i p has been i d e n t i f i e d as the g i v e -
way vessel, w i t h own-ship stand-on, the look-ahead r o u t i n e (see chapter 
6) may be invoked f u r t h e r t o assess the s i t u a t i o n r e . emergency 
manoeuvring. This i n v o l v e s i d e n t i f i c a t i o n o f the l a t e s t time at which 
own-ship may manoeuvre i f the emergency domain i s not to be breached -
i f the hazard vessel continues on i t s present course. 
I n some cases t h i s may r e q u i r e no course a l t e r a t i o n , since hazard 
vessel*s t r a c k may c l i p own-ship*s f u l l domain but not the emergency 
domain. I n other cases, one of a range of o p t i o n s may be s e l e c t e d t o 
avoid a near-miss or c o l l i s i o n . These o p t i o n s would form a branch, or 
set of branches, of the r u l e s t r u c t u r e . 
As y e t , the f u l l range of possi b l e emergency manoeuvres has not been 
considered i n d e t a i l . A r u l e has been i n c o r p o r a t e d t o i d e n t i f y the need 
f o r emergency manoeuvring - when own-ship i s stand-on and the hazard 
vessel shows no i n t e n t i o n of manoeuvring. The l a t e s t p o s s i b l e time f o r 
manoeuvring i s c a l c u l a t e d , and a t t h i s time own-ship performs a complete 
360 degree t u r n - one f u l l c i r c l e . 
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T h i s somewhat extreme manoeuvre i s v i r t u a l l y guaranteed t o be e f f e c t i v e 
i n a two-ship encounter i n the open sea. I t could prove l e s s so i n 
r e s t r i c t e d waters, or where th e r e are a number of other vessels i n the 
v i c i n i t y . However, i t a t l e a s t serves t o demonstrate the e f f i c a c y o f the 
r u l e base i n accommodating r u l e s f o r emergency s i t u a t i o n s ; f u r t h e r , more 
s o p h i s t i c a t e d r u l e s t o t h i s end may be added w i t h o u t d i f f i c u l t y i n the 
f u t u r e . 
One f u r t h e r p o i n t f o r c o n s i d e r a t i o n here i s the use of a mathematical 
model f o r hazard vessel manoeuvring. Such a model may i n d i c a t e the 
a b i l i t y of the hazard t o manoeuvre s a f e l y a t a l a t e stage, when own-ship 
manoeuvring would not even be able t o preserve the emergency domain. The 
q u e s t i o n then a r i s e s as t o whether one t r u s t s t o the other v e s s e l u n t i l 
i t i s too l a t e f o r own-ship t o a v o i d , or whether one 'plays s a f e ' , 
p o s s i b l y pre-empting a c l e a r , safe manoeuvre by the hazard v e s s e l - T h i s 




" I have seen the f u t u r e and i t works." 
L i n c o l n S t e f f e n s (1866-1936) US J o u r n a l i s t : Biography. 
6.1. Problems of Avoidance Strategy and Timing 
When c o n s i d e r i n g the c u r r e n t s t a t e o f sh i p p i n g around h i s own v e s s e l , 
the competent master w i l l f i r s t i d e n t i f y those vessels i n the v i c i n i t y 
which could a t some f u t u r e time pose a t h r e a t t o own-ship. Such 
i n f o r m a t i o n may, i n the f i r s t i n s t a n c e , be provided v i a c o l l i s i o n 
warning f a c i l i t i e s on the ARPA. Some e x t r a p o l a t i o n of t r a c k s and speeds 
- i . e . v e l o c i t y vectors - may be a p p l i e d t o estimate l i k e l y t i m e ( s ) and 
p o s i t i o n ( s ) of p r o j e c t e d c o l l i s i o n or near-miss s i t u a t i o n ( s ) . At a more 
fundamental l e v e l of o b s e r v a t i o n , any vessel seen t o be approaching on 
a constant r e l a t i v e bearing - i . e . not changing i t s bearing r e l a t i v e t o 
own-ship - w i l l be considered as a l i k e l y c o l l i s i o n t h r e a t . 
When a vessel i s seen t o pose a t h r e a t , the next step i s to f o r m u l a t e a 
p o l i c y f o r avoidance. This w i l l i n c o r p o r a t e both a time f o r a c t i o n and 
a s t r a t e g y t o be implemented a t t h a t time. I n g e n e r a l , the d e t a i l e d 
s t r a t e g y w i l l not be worked out u n t i l close t o the time f o r avoidance 
a c t i o n , since the s i t u a t i o n w i l l become c l e a r e r , and may even change, 
as t h a t time approaches. However, some form of avoidance plan must be 
decided on i n p r i n c i p l e , i n order t o i d e n t i f y the time a t which a c t i o n 
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must be taken. 
I n d e v i s i n g a s t r a t e g y f o r avoidance, a number of c r i t e r i a must be 
taken i n t o c o n s i d e r a t i o n . F i r s t and foremost, any s t r a t e g y must conform 
w i t h the I n t e r n a t i o n a l Regulations f o r Preventing C o l l i s i o n s at Sea 
[ 3 ] , A d d i t i o n a l l y , i t must make allowance f o r any o t h e r f i x e d or moving 
hazards i n the v i c i n i t y - rocks, buoys, other ships - as w e l l as 
n a v i g a t i o n a l requirements such as t r a f f i c s e p a r a t i o n zones. Last, but 
s t i l l o f s i g n i f i c a n c e to s h i p p i n g operators (and t h e r e f o r e s h i p ' s 
masters), manoeuvring should not lead to excessive d e v i a t i o n from 
t r a c k , l o s s o f speed, l o s s of time or any other 'amenity', beyond what 
i s prudent. 
Any avoidance manoeuvre, then, i s a balance between s a f e t y and 
expediency. I f the c o r r e c t balance i s t o be achieved, i t i s i m p o r t a n t 
to ensure the former w i t h o u t undue s a c r i f i c e of the l a t t e r ; hence the 
need t o plan ahead. 
Just as the human agent has to forward plan f o r c o l l i s i o n avoidance, so 
a computerised system designed f o r t h i s purpose must l i k e w i s e e v a l u a t e 
p o s s i b l e f u t u r e scenarios on the basis of both s a f e t y and economy. I n 
t h i s respect i t i s v a s t l y b e t t e r equipped (from the a n a l y t i c a l p o i n t o f 
view) than i t s human c o u n t e r p a r t , since a number of p o s s i b l e 'endgames' 
may be evaluated i n a very s h o r t time. This advantage must, of course, 
be balanced against i n t u i t i v e e v a l u a t i o n of s i t u a t i o n s by the human -
the consequence of years of wisdom and experience, e i t h e r accumulated 
at sea or handed down by o t h e r s . 
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Since s a f e t y i s the primary c o n s i d e r a t i o n , i t i s f i r s t necessary t o 
devise an approach which w i l l guarantee t h i s ( i n s o f a r as t h a t i s 
p o s s i b l e ) . Once c e r t a i n predefined s a f e t y c o n d i t i o n s have been met, 
various a l t e r n a t i v e s t r a t e g i e s which s a t i s f y those c o n d i t i o n s may be 
compared f o r c o s t - e f f e c t i v e n e s s i n terms of f a c t o r s considered 
r e l e v a n t . 
6.2. Look-Ahead S i m u l a t i o n f o r Safe Manoeuvring 
As o u t l i n e d i n chapter 5, any c o l l i s i o n avoidance manoeuvre ( i n c l u d i n g 
stand-on or emergency a c t i o n ) i s conducted by t r a v e r s i n g a s p e c i f i c 
sequence of r u l e s w i t h i n the r u l e s t r u c t u r e . This presupposes t h a t , a t 
the time i t i s reached, a r u l e i s able t o provide the st i m u l u s f o r 
avoidance a c t i o n i n time f o r i t t o be e f f e c t i v e . Since each r u l e 
i n v o lved i n a p a r t i c u l a r manoeuvre i s one i n a chain of events, i t i s 
necessary t o time the i n i t i a t i o n o f the f i r s t event i n the sequence 
such t h a t the e n t i r e chain completes s a t i s f a c t o r i l y . 
The f o l l o w i n g example, i l l u s t r a t e d i n f i g u r e 6.1, may serve t o c l a r i f y 
t h i s p o i n t . 
Ship A i s engaged i n an o v e r t a k i n g manoeuvre, approaching s h i p B 
on the port q u a r t e r . A must f i r s t t u r n t o st a r b o a r d s u f f i c i e n t l y 
to c l e a r B's domain on the next phase - which i s t o t r a v e l on a 
new s t r a i g h t course behind B. (Two p o i n t s : ( 1 ) A's course 
a l t e r a t i o n must a l s o s a t i s f y the 'minimum observable t u r n ' 
c r i t e r i o n ; and ( 2 ) i t makes no d i f f e r e n c e whether the domain i s 
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Figure 6.1 The four stages of on overtaking manoeuvre (vessel A overtaking vessel B) 
1) Initial alteration to avoid domain infringement. 
2) Continuation on altered course to clear domain. 
3) Alteration back onto course. 
(4) Back on course, continuation parallel to original track. 
considered t o surround vessel A or B f o r sep a r a t i o n purposes; B 
has been chosen i n t h i s case f o r convenience). 
The p o i n t a t which the manoeuvre may f a i l i s on the second stage, as 
ship A passes behind the domain around s h i p B; i f the t i m i n g i s l e f t 
too l a t e , then A's course w i l l a c t u a l l y i n t e r s e c t the domain, g i v i n g an 
unacceptable CPA. However, the success of t h a t second stage i s i t s e l f 
d i c t a t e d by the t i m i n g of the f i r s t s t a g e , i n two senses: 
(a) f o r a f i x e d angle of t u r n , a delayed commencement of t h a t t u r n 
leads t o a corresponding delay i n compl e t i o n , l e a d i n g t o a l a t e r 
enactment of the s t r a i g h t - l i n e second phase and consequently 
greater r i s k o f domain i n f r i n g e m e n t ; 
(b) as ship A approaches ship B, so the t u r n r e q u i r e d f o r e f f e c t i v e 
avoidance becomes more extreme; such an increased t u r n takes a 
p r o p o r t i o n a l l y g reater time, again reducing the l i k e l i h o o d of 
completing t h a t t u r n i n time f o r phase two to complete 
s u c c e s s f u l l y . 
C u r t i s [ 1 1 ] put forward a time-based c r i t e r i o n f o r when a c t i o n should 
be taken, the RDRR (range-to-domain/range-rate) or a n t i c i p a t e d time t o 
domain i n f r i n g e m e n t on preset courses and speeds. As d e t a i l e d i n 
chapter 2, a s p e c i f i c chosen RDRR - say 15 minutes - would d i c t a t e t h a t 
avoidance decision-making and a c t i o n should be i n i t i a t e d 15 minutes 
before a n t i c i p a t e d domain i n f r i n g e m e n t . Such an approach takes account 
of the c l o s i n g speed of the two vessels, r a t h e r than simply being based 
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on some f a i r l y a r b i t r a r y s e p a r a t i o n d i s t a n c e . 
However, the same RDRR value does not s u i t a l l encounter s i t u a t i o n s . 
Even one s p e c i f i c v e s s e l , w i t h s p e c i f i c t u r n i n g c h a r a c t e r i s t i c s , 
approaching a s p e c i f i c encounter type a t a s p e c i f i c speed, may need t o 
vary i t s time f o r a c t i o n according t o the r e l a t i v e p o s i t i o n s o f the 
vessels i n v o l v e d . A c t i o n 15 minutes before p r o j e c t e d domain 
i n f r i n g e m e n t may give a wide margin i n one case, j u s t achieve domain 
clearance i n another, and r e s u l t i n a dangerously c l o s e CPA i n a t h i r d . 
The three c r o s s i n g encounters shown i n f i g u r e 6.2 i l l u s t r a t e t h i s 
p o i n t . I n each case, the v e l o c i t y of own-ship r e l a t i v e t o hazard v e s s e l 
i s i n i t i a l l y perpendicular (± 10 degrees) t o hazard's t r a c k , as shown. 
As de f i n e d i n the r e g u l a t i o n s , own-ship i s the give-way v e s s e l , being 
i n hazard's red ( p o r t ) l i g h t s e c t o r , and i s r e q u i r e d t o a l t e r t o 
starboard and pass behind the hazard vessel. I n each of the t h r e e cases 
own-ship a p p l i e s an i d e n t i c a l rudder s e t t i n g 15 minutes before domain 
in f r i n g e m e n t (domain being shown around hazard v e s s e l ) . 
I n case ( a ) , own-ship i s o r i g i n a l l y set t o j u s t c l i p the domain around 
the hazard vessel as i t passes behind; the manoeuvre 15 minutes p r i o r 
t o i n f r i n g e m e n t gives a wide c l e a r a n c e , i n c r e a s i n g CPA t o almost double 
the domain r a d i u s . 
I n case ( b ) , own-ship i s i n i t i a l l y on a c o l l i s i o n course w i t h hazard; 
a l t e r i n g t o starboard a t the 15-minute RDRR p o i n t g i v e s e f f e c t i v e ( b u t 
not excessive) domain clearance before r e t u r n i n g t o o r i g i n a l course. 
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(a) Own-ship set to infringe 
domain to rear of hazard. 
15 minute RDRR gives more 
than adequate clearance. 
(b) Own-ship on collision course 
with hazard vessel. RDRR of 
15 minutes gives adequate 
domain clearance. 
(c) Own-ship set to cross ahead 
of hazard vessel, turns to 
starboard at 15 minute RDRR. 
This does not clear domain, 
but Instead substantially 






Three crossing encounters, each involving own-ship manoeuvring at 10-minute RDRR. 
The consequences of this action vary widely, depending on position and course of 
own-ship relative to hazard vessel. 
I n case ( c ) , the o r i g i n a l p r o j e c t e d CPA i s v i r t u a l l y the same as f o r 
case ( a ) - the d i f f e r e n c e being t h a t own-ship i s set t o pass ahead of 
hazard i n ( c ) , as opposed t o passing behind hazard i n ( a ) . However, the 
same avoidance manoeuvre leads t o a d r a m a t i c a l l y d i f f e r e n t outcome, 
namely a s u b s t a n t i a l r e d u c t i o n i n the clearance between own-ship and 
hazard; p a r a d o x i c a l l y , t h i s supposed s a f e t y manoeuvre leads t o a more 
dangerous s i t u a t i o n , because the manoeuvre was i n i t i a t e d too l a t e t o be 
e f f e c t i v e . Figure 6.3 shows how the same manoeuvre, i n i t i a t e d a t an 
e a r l i e r time (20 minutes before domain i n f r i n g e m e n t ) would be 
e f f e c t i v e . The a l t e r n a t i v e , an a l t e r a t i o n t o port t o c l e a r hazard's 
domain and pass ahead (see f i g u r e 6.A) i s i n d i r e c t c o n t r a v e n t i o n of 
the r e g u l a t i o n s and could p r e c i p i t a t e a c o l l i s i o n (depending on vessel 
speeds, and speed l o s t on the t u r n ) . 
This example considers only three d i f f e r e n t i n s tances of the same type 
of encounter. Where d i f f e r e n t encounter types are considered, f u r t h e r 
f a c t o r s come i n t o p lay. For example, i f two vessels are t r a v e l l i n g a t 
speeds of 10 and lA knots r e s p e c t i v e l y , then the c l o s i n g speed i n a 
head-on encounter i s 24 knot s , compared w i t h j u s t A knots i n a near-
p a r a l l e l o v e r t a k i n g encounter. In the former case a 15-minute RDRR 
would come i n t o e f f e c t a t a sep a r a t i o n of 6 n a u t i c a l m iles (+ domain 
r a d i u s ) , whereas the l a t t e r would be down t o a s e p a r a t i o n of j u s t 1 
n a u t i c a l m i l e (+ domain r a d i u s ) before a 15-minute RDRR t r i g g e r e d any 
d e c i s i o n / a c t i o n . Though equal i n terms o f c l o s i n g t i m e , the dramatic 
d i f f e r e n c e i n p h y s i c a l separations gives pause f o r thought. Not l e a s t , 
i n the l a t t e r case, a minor change i n d i r e c t i o n of the vessel being 














Figure 6.3 Crossing encounter as in fig. 6.2(c). 
Earlier manoeuvre (20 minutes 
before domain infringement) 


















Figure 6.4 Alteration to port in crossing manoeuvre, 
to clear domain and pass ahead of hazard 
vessel - in contravention of the collision 
avoidance regulations. 
Konyn [ 1 2 ] has formulated the RDRR+ c r i t e r i o n , which takes cognisance 
of d i f f e r e n t types o f encounter, g i v i n g ' t h i n k i n g t i m e ' and ' a c t i o n 
time'. However, t h i s does not r e a l l y address the q u e s t i o n posed by the 
example i n f i g u r e 6.2, namely "How does one t a i l o r the a p p r o p r i a t e time 
f o r avoidance d e c i s i o n / a c t i o n t o the s p e c i f i c circumstances o f the 
encounter?". 
Every encounter s i t u a t i o n i s a unique event, although t h e r e i s a degree 
of commonality about types of s i t u a t i o n s . A p o s s i b l e approach i s a 
t r i a l run-through of a proposed response t o the s i t u a t i o n , and 
e v a l u a t i o n of the outcome of t h i s response. C l e a r l y such a t r i a l run 
must be t h e o r e t i c a l r a t h e r than p r a c t i c a l - such a process ( a l b e i t i n 
some cases subconscious) presumably forms a p a r t of the experienced 
master's decision-making. The a l t e r n a t i v e of working backward from the 
end-point seems a n o n - s t a r t e r , since the nature of the l a s t phase 
depends on the outcome of the l a s t - b u t - o n e , e t c . 
I n f o r m u l a t i n g a computer-based s o l u t i o n t o the c o l l i s i o n avoidance 
problem, i t has proved necessary t o address t h i s problem of 
d i f f e r e n t i a l RDRR values f o r d i f f e r e n t encounters. An e a r l y v e r s i o n of 
the system, w i t h f i x e d RDRR, was used on a sample o f 500 randomly-
generated encounters, as f o l l o w s : 
For each encounter, two vessels w i t h speeds u n i f o r m l y d i s t r i b u t e d 
between 5 knots and 15 knots were placed randomly, but i n c l o s e 
p r o x i m i t y such t h a t domain i n f r i n g e m e n t occurred. The courses of 
the two vessels were a l s o u n i f o r m l y d i s t r i b u t e d , 0-360 degrees. 
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Each vessel was then 'reversed* along i t s own t r a c k by the same 
amount ( i n terms o f t i m e ) , u n t i l each was o u t s i d e the f i x e d RDRR 
value w i t h respect t o the o t h e r . The simulated encounter was then 
allowed t o proceed, having f i r s t c a l c u l a t e d the p r o j e c t e d 
separation at CPA i f no course change was e f f e c t e d ; each vessel 
was given a random t u r n i n g c i r c l e r a d i u s i n the range 0.2 t o 0.7 
n a u t i c a l m i l e s , and both were d r i v e n by the expert system l o g i c , 
so t h a t e i t h e r or both might conduct avoidance manoeuvres (see 
chapter 8 f o r a d e s c r i p t i o n of the s i m u l a t i o n environment used). 
The s e p a r a t i o n at CPA as a consequence of c o l l i s i o n avoidance was 
also noted. The major area of concern was t h a t the system should 
d i r e c t manoeuvres such t h a t a l l CPA's should f a l l o u t s i d e the 
given domain r a d i u s , A secondary c o n s i d e r a t i o n was t h a t t h e r e 
should not be excessive d e v i a t i o n from t r a c k as a consequence of 
these manoeuvres (shown by s u b s t a n t i a l l y increased s e p a r a t i o n s a t 
CPA). 
The s t a t i s t i c s f o r these 500 s i m u l a t i o n s are shown on the bar c h a r t i n 
f i g u r e 6.5. This i l l u s t r a t e s t h a t i n the vast m a j o r i t y o f cases 
p o t e n t i a l domain i n f r i n g e m e n t was avoided w i t h o u t excessive d e v i a t i o n , 
under the e x i s t i n g r u l e s t r u c t u r e . However, a small number of 
encounters s t i l l have a s e p a r a t i o n a t CPA which i s l e s s than the domain 
ra d i u s - the o b j e c t i v e o f the system was not being achieved i n a l l 
cases. 
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W i t h o u t 
C o l l i s i o n ftyoidance 
With 
C o l l i s i o n fivoidance 
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flRENfil 10 n i n s 
SPEED: 5 - 15 K n o t s 
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C I R C L E ! 0.2 - 0.7 n.n. 
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Figure 6.5 Outcome of 500 random encounter s i m u l a t i o n s on the prototype system 
showing e f f e c t s of c o l l i s i o n avoidance s t r a t e g i e s . 
One possible approach would be to increase the RDRR u n t i l a l l cases 
cleared s a t i s f a c t o r i l y . However, t h i s would provoke e a r l y , and p o s s i b l y 
excessive, avoidance i n a l a r g e number of cases. Also, as shown i n 
f i g u r e 6 . 2 ( c ) , avoidance manoeuvring may i n some cases b r i n g vessels 
c l o s e r together before they separate - i n d i c a t i n g a need f o r a 
s u b s t a n t i a l increase i n RDRR value f o r such i n s t a n c e s . A bl a n k e t 
increase t o cover such cases would not appear t o be i n any sense an 
e f f i c i e n t s t r a t e g y . 
The r a d i c a l s o l u t i o n proposed and implemented i n t h i s expert system 
i n v o l v e s t h a t most p e r c e p t i v e of f a c u l t i e s , h i n d s i g h t . I t i s q u i t e 
simple t o see, once c a r r i e d through, whether a p a r t i c u l a r manoeuvre has 
proved s u c c e s s f u l ; the disadvantage o f such a ploy i s t h a t , i f i t has 
not ( o r , less d r a s t i c a l l y , i t has proved i n e f f i c i e n t ) , then i t i s too 
l a t e t o do any t h i n g about i t . That c r i t i c i s m no longer holds i f the 
manoeuvre i s simply simulated i n advance, f o l l o w i n g through the r u l e s 
i n sequence as they would apply i n the a c t u a l event. An unsuccessful, 
or i n e f f i c i e n t , outcome may be improved upon by v a r i a t i o n of c e r t a i n 
parameters f o r a second or successive simulated manoeuvre. Accurate 
modelling of ship behaviour, coupled w i t h use of the ' l i v e ' r u l e base 
f o r the s i m u l a t i o n runs, ensures a r e a l i s t i c p i c t u r e of the outcome o f 
each manoeuvre. 
Just such a f o r w a r d - l o o k i n g s t r a t e g y i s used w i t h i n the expert system 
to evaluate the l o g i c a l outcome of a manoeuvre sequence w e l l i n advance 
of the time f o r t h a t sequence. This i s done by s i m u l a t i n g the sequence 
of steps which would be actioned by the r u l e base, given a s p e c i f i c 
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RDRR, Chen assessing the success or f a i l u r e of t h a t sequence. I f t h e 
sequence f a i l s , the process may be repeated f o r a l a r g e r RDRR, and i f 
necessary f o r suc c e s s i v e l y l a r g e r RDRR values u n t i l a s u c c e s s f u l 
manoeuvre i s achieved - see i l l u s t r a t e d example i n f i g u r e 6.6. Th i s 
look-ahead process i s c a r r i e d out by a dedicated module of code w i t h i n 
the i n f e r e n c e engine, t r a v e r s i n g the r u l e s t r u c t u r e e x a c t l y as i t would 
i n the a c t u a l manoeuvre, but on a time - s c a l e which permits e v a l u a t i o n 
of a complete manoeuvre w i t h i n a second or so. For t h i s purpose i t uses 
a model of own-ship behaviour as described i n s e c t i o n 2.3; the hazard 
vessel i s assumed t o continue on a s t r a i g h t course ( i f hazard i s t h e 
give-way vessel no standard avoidance a c t i o n need be s i m u l a t e d , b ut 
poss i b l e emergency manoeuvring must be allowed f o r - see s e c t i o n 5,3). 
I f a hazard i s perceived by the system as being on a course which w i l l 
i n f r i n g e own-ship's domain, no a c t i o n i s taken u n t i l the hazard reaches 
a t i m e - t h r e s h o l d r e f e r r e d t o as the ' b a l l p a r k * - c u r r e n t l y set a t 20 
minutes before domain i n f r i n g e m e n t . At t h i s t i m e , the look-ahead 
s i m u l a t i o n module 'advances* both vessels ( i n s i m u l a t i o n ) along t h e i r 
t r a c k s t o a predefined minimum RDRR value. I t then t r a v e r s e s t h e r u l e 
base, f o l l o w i n g the r u l e s a p p r o p r i a t e t o the s i t u a t i o n a t each s t e p , a t 
a g r e a t l y reduced time-scale. 
Motion of both ships i s simulated w i t h i n the module, i n c l u d i n g any 
manoeuvres t o be undertaken by own-ship as d i r e c t e d by the e x p e r t 
system (a f i x e d t u r n i n g r a dius i s used - s e c t i o n 2.3 deals w i t h t h i s 
l i m i t a t i o n ) . I f a t any stage the domain i s breached, then the s t r a t e g y 
i s deemed t o have f a i l e d ; The RDRR i s increased by 2 minutes and the 
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Figure 6.6 Multiple look-ahead simulation, 
using increasing RDRR values 

















process i s repeated. This c y c l e c o n t i n u e s u n t i l a s u i t a b l e RDRR i s 
found which achieves domain clea r a n c e . T h i s i s then r e g i s t e r e d w i t h i n 
the expert system as the e f f e c t i v e RDRR f o r t h i s manoeuvre - a l s o 
r e f e r r e d t o as the PSMT (Predetermined Safe Manoeuvring Time). 
I f the r u l e base i n d i c a t e s t h a t own-ship i s the stand-on vessel i n t h i s 
encounter, w i t h hazard having r e s p o n s i b i l i t y t o d i v e r t , the look-ahead 
module w i l l again c y c l e w i t h i n c r e a s i n g values f o r the RDRR. Th i s w i l l 
continue u n t i l e i t h e r : 
( a ) a predefined maximum RDRR i s reached, the e a r l i e s t time a t which 
hazard's master may reasonably have assesses the encounter f o r 
avoidance purposes; or 
(b) r e s p o n s i b i l i t y f o r the encounter switches from hazard t o own-ship 
(e.g. as a consequence of a s i t u a t i o n o f the type shown i n f i g u r e 
5.3); n.b. i t should be remembered t h a t t h i s process i s c y c l i n g 
backwards i n time, c o n s i d e r i n g s u c c e s s i v e l y e a r l i e r times f o r 
a c t i o n . 
I n case (a) i t i s concluded t h a t hazard vessel's master w i l l take 
r e s p o n s i b i l i t y f o r avoidance a c t i o n - s u b j e c t t o any l a t e r i n d i c a t i o n 
t o the c o n t r a r y , and consequent need f o r emergency manoeuvring. T h i s 
n e c e s s i t a t e s a f u r t h e r run of the process, t h i s time w i t h r e f e r e n c e t o 
the emergency domain, t o i d e n t i f y the 'emergency RDRR*, i . e . the l a t e s t 
time a t which emergency manoeuvring r u l e s may be brought i n t o play i f 
hazard does not a v o i d , to prevent the emergency domain being breached. 
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I n case ( b ) own-ship takes r e s p o n s i b i l i t y f o r the avoidance manoeuvre 
( s i n c e t h i s may be the v e r d i c t o f hazard's mast e r ) . I d e n t i f i c a t i o n o f 
the PSMT i s then c a r r i e d out as described, s t a r t i n g from the time when 
own-ship was reckoned t o be re s p o n s i b l e f o r avoidance, and working 
backward i n time ( i f necessary) u n t i l a r e l i a b l e RDRR - the PSMT - i s 
found. 
The success of t h i s look-ahead technique r e s t s upon the f a c t t h a t the 
same r u l e s t r u c t u r e i s used i n the look-ahead s i m u l a t i o n as i n the 
p r a c t i c a l outworking of the manoeuvre. This ensures t h a t the sequence 
of steps which are evaluated i n the look-ahead process i s e x a c t l y the 
sequence used i n the a c t u a l avoidance process. T h i s guarantees p r i o r 
knowledge o f : 
( a ) the success of the manoeuvre ( b a r r i n g untoward a c t i o n by the 
hazard v e s s e l ) ; 
(b) o t h e r consequences of the a c t i o n - d i s t a n c e o f f t r a c k , l o s s of 
speed, e t c . 
Only the former i s of relevance i n ensuring a safe manoeuvre; 
c o n s i d e r a t i o n s of the l a t t e r type r e l a t e d i r e c t l y t o the problem of 
i d e n t i f i c a t i o n of an op t i m a l s t r a t e g y . 
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6.3. Look-Ahead S i m u l a t i o n f o r Optimal Manoeuvring 
The concept of s a f e t y i s not absolute. I n every walk of l i f e , from 
c r o s s i n g the road t o h a n d l i n g high e x p l o s i v e s , any d e c i s i o n on s a f e t y 
i s a c a l c u l a t e d r i s k r a t h e r than an a b s o l u t e c e r t a i n t y ( i n both of the 
examples c i t e d , the only 100% safe s t r a t e g y i s " d o n ' t ! " ) . So i t i s w i t h 
marine c o l l i s i o n avoidance: i n g e n e r a l , the g r e a t e r the s a f e t y margin, 
the greater the l o s s of u t i l i t y . The o p t i m a l manoeuvre w i l l be one 
which i n c o r p o r a t e s an a p p r o p r i a t e l e v e l of s a f e t y w i t h o u t unduly 
s a c r i f i c i n g u t i l i t y . 
I n any two-ship encounter i n open sea c o n d i t i o n s , there w i l l be a 
number of o p t i o n s f o r the manoeuvre t o be undertaken. Even where (as i n 
most cases) the r e g u l a t i o n s s p e c i f y a d i r e c t i o n f o r avoidance a c t i o n , 
the choice as t o t i m i n g of t h a t a c t i o n , and rudder s e t t i n g , are l e f t t o 
the master of the v e s s e l . This leaves scope f o r the s e l e c t i o n o f a 
course of a c t i o n which best s u i t s the requirements of the master - and 
u l t i m a t e l y the o p e r a t o r s o f the vessel - f o r t h a t p a r t i c u l a r s i t u a t i o n . 
Figure 6.7 i l l u s t r a t e s t h i s p r i n c i p l e f o r a c r o s s i n g encounter, i n 
which ship A i s the give-way ve s s e l , approaching s h i p B on i t s p o r t 
s i d e . A i s r e q u i r e d t o a l t e r t o starboard and pass behind B, l e a v i n g a 
c l e a r passing d i s t a n c e . T h i s distance i s represented by the domain, 
which f o r convenience has been shown as a c i r c l e around B, 
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Figure 6.7 Crossing encounter, ship A being the give-way 
vessel. Six possible alterations to starboard are 
shown, using three different rudder settings at 
each of two manoeuvring tinnes. Five of these 
clear the domain sucessfully, but with 
different outcomes in terms of diversion 




16 minutes before projected domain infringement 
12 minutes before projected domain infringement 
The diagram shows manoeuvres by vessel A a t two sample manoeuvring 
times; 12 minutes and 16 minutes before domain i n f r i n g e m e n t . At each o f 
these times, a c t i o n on each of t h r e e p o s s i b l e rudder s e t t i n g s i s 
i l l u s t r a t e d : 1/3 rudder, 2/3 rudder and f u l l rudder. This g i v e s a t o t a l 
of s i x p o s s i b l e manoeuvring t r a c k s , as shown. The stand-on course f o r 
ship A i s a l s o i l l u s t r a t e d . 
The c i r c l e around s h i p B i l l u s t r a t e s the p o s i t i o n o f the domain a t the 
c r u c i a l time of p r o j e c t e d domain i n f r i n g e m e n t i f s h i p A were t o hold 
i t s course. The o b j e c t i v e o f s h i p A's manoeuvre i s t o avoid e n t e r i n g 
t h a t c i r c l e , and thus t o achieve an acceptable s e p a r a t i o n a t CPA. As 
can be seen from the diagram, the e x t e n t o f the t u r n r e q u i r e d i s 
d i f f e r e n t f o r each of the p o t e n t i a l l y s u c c e s f u l s t r a t e g i e s . 
I t w i l l be seen t h a t , on 1/3 rudder, s h i p A i s unable t o c l e a r the 
domain around B by a l t e r i n g 12 minutes b e f o r e domain i n f r i n g e m e n t ; t h i s 
p a r t i c u l a r o p t i o n i s t h e r e f o r e not v i a b l e . This leaves f i v e v i a b l e 
o p t i o n s out o f the s i x considered, each o f which w i l l g i v e d i f f e r e n t 
outcomes i n terms o f : l o s s of speed; d i s t a n c e d i v e r t e d o f f t r a c k ; time 
l o s t i n the manoeuvre; excess f u e l used; e t c . These d i f f e r e n t c r i t e r i a 
may have v a r i a b l e l e v e l s of p r i o r i t y depending on the nature o f the 
voyage and type o f cargo. 
An experienced master w i l l judge such an encounter from some d i s t a n c e 
o f f , and determine the best manoeuvre i n the circumstances. I t would 
seem a p p r o p r i a t e t h a t a computerised e x p e r t system should l i k e w i s e 
s e l e c t the manoeuvre which o p t i m i s e s such c r i t e r i a , r a t h e r than j u s t 
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one which avoids the danger. T h i s r e q u i r e s the f o r w a r d - l o o k i n g 
s i m u l a t i o n of a number of a l t e r n a t i v e s (as above) and s e l e c t i o n o f t h a t 
one which meets some formal d e f i n i t i o n o f what c o n s t i t u t e s an * o p t i m a l 
manoeuvre * 
That formal d e f i n i t i o n may be i n terms of a *cost f u n c t i o n ' , which 
a l l o c a t e s an ap p r o p r i a t e w e i g h t i n g t o each o f the c r i t e r i a judged t o 
c o n t r i b u t e t o the *cost* of a manoeuvre (examples are l i s t e d above). 
The sum o f these weighted f a c t o r s then c o n s t i t u t e s an o v e r a l l cost ( i n 
nominal u n i t s ) of any p a r t i c u l a r manoeuvre. The cos t s f o r a number of 
manoeuvres may then be compared t o determine the o p t i m a l manoeuvre i n 
the c u r r e n t circumstances. C l e a r l y , the d e f i n i t i o n of o p t i m a l i t y may be 
changed by a d j u s t i n g the weig h t i n g s a p p l i e d t o each of the cost f a c t o r s 
i n v o l v e d . 
The look-ahead r o u t i n e described i n 6.2 has been extended t o provide 
e x a c t l y t h i s form of d i s c r i m i n a t i o n between a l t e r n a t i v e courses o f 
a c t i o n . At a time t h r e s h o l d r e f e r r e d t o as the * b a l l p a r k ' ( t y p i c a l l y 28 
minutes before p r o j e c t e d domain i n f r i n g e m e n t ) , a range of o p t i o n s are 
simulated and 'costed* as described above. These o p t i o n s i n c l u d e t h r e e 
rudder s e t t i n g s f o r p o s s i b l e a c t i o n times i n two-minute steps from the 
minimum RDRR value ( s p e c i f i e d as a parameter - t y p i c a l l y 10 minutes 
before domain i n f r i n g e m e n t ) t o 18 minutes before domain i n f r i n g e m e n t . 
Action i s also considered f o r both the 20 and 25 minute RDRR p o i n t s ; i n 
these cases the manoeuvre i s regarded as an e a r l y course change, not 
su b j e c t t o the r e g u l a t i o n s , so both p o r t and s t a r b o a r d a l t e r a t i o n s are 
considered. I t must be stressed t h a t these t i m i n g s are pure l y nominal, 
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chosen f o r system development purposes; they may e a s i l y be a d j u s t e d i f 
necessary, i n the l i g h t of f u r t h e r experience and expert advice. 
C l e a r l y such a m u l t i p l e look-ahead and e v a l u a t i o n i s s u b s t a n t i a l l y more 
demanding, i n terms of CPU usage, than the f a c i l i t y described i n 6,2, 
Consequently a c e r t a i n degree of * s t r e a m l i n i n g * has been i n c o r p o r a t e d 
i n t h i s process. 
F i r s t l y , t h i s r o u t i n e simulates any manoeuvre only as f a r as e i t h e r 
f a i l u r e ( i . e . domain i n f r i n g e m e n t ) or_ s u c c e s s f u l avoidance and 
pr e p a r a t i o n t o t u r n back onto course (see f i g u r e 6.8), Rather than 
s i m u l a t i n g the t u r n back onto course, a f a c t o r i s added t o the cos t 
f u n c t i o n , based on the angular displacement a t t h i s stage from the 
o r i g i n a l course; w i t h a p p r o p r i a t e w e i g h t i n g , t h i s r epresents the cost 
of t u r n i n g back through t h a t angle. Since a l l a l t e r n a t i v e s are judged 
e q u a l l y on t h i s 'abbreviated' manoeuvre, a f a i r comparison may s t i l l be 
made, and the opt i m a l manoeuvre s e l e c t e d . 
Secondly, c e r t a i n s e c t i o n s of each manoeuvre may be c a l c u l a t e d 
a n a l y t i c a l l y , r a t h e r than l o o p i n g through the associated r u l e s numerous 
times. This must, of course, be done i n such a way as t o e x a c t l y 
emulate the a c t i o n s of those r u l e s . Both the i n i t i a l t u r n and the 
s t r a i g h t - l i n e s e c t i o n are s u s c e p t i b l e t o t h i s approach t o some e x t e n t , 
as described i n appendix A s e c t i o n 3. 
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Figure 6.8 Two examples of the avoidance manoeuvres shown in fig. 6.7; 
1/3 rudder 12 minutes before domain infringement, and 
2 / 3 rudder 16 minutes before domain infringement, 
n the former, simulation proceeds up to point X 
(failure of avoidance manoeuvre), in the latter up to 
point Y (preparation to return to course to complete 
a successful avoidance manoeuvre). 
CHAPTER 7 
THE USER INTERFACE AND USER INTERACTION 
"The medium i s the message.'* 
Marshall McLuhan (1911-1981) Canadian S o c i o l o g i s t 
I n a r e a l - t i m e s a f e t y - c r i t i c a l i n t e r a c t i v e system, c l a r i t y o f 
communication i s of paramount importance. There i s l i t t l e p o i n t i n 
generating advice on hazard avoidance, t o be acted upon as a matter of 
high p r i o r i t y , i f t h a t advice i s embedded i n a s c r e e n f u l of t e x t which 
takes minutes t o read and obscures the message by i t s v e r b o s i t y . 
L i f e on board s h i p may vary between two extremes, i n terms o f the 
i n f o r m a t i o n being received and analysed i n respect of p r e v a i l i n g 
c o n d i t i o n s . On e x i t from, or entrance t o , a p o r t , or w h i l s t n e g o t i a t i n g 
a busy seaway, t h e r e i s a p l e t h o r a o f i n f o r m a t i o n a r r i v i n g at the b r i d g e 
from a wide v a r i e t y o f sources - radar, r a d i o , n a v i g a t i o n systems, 
communication from other p a r t s o f the s h i p , observations from those on 
watch. This i n f o r m a t i o n must be c o l l a t e d and t r a n s l a t e d i n t o a p p r o p r i a t e 
a c t i o n . Such a complex s i t u a t i o n can r e s u l t i n some c r u c i a l f a c t o r being 
overlooked u n t i l i t i s too l a t e , p o s s i b l y g i v i n g r i s e t o a c o l l i s i o n or 
near-miss ( w i t h associated d i s r u p t i v e emergency a c t i o n ) . 
At the othe r extreme, t h e r e a re periods on a sea passage where no 
hazardous s i t u a t i o n presents i t s e l f f o r a long time; no other vessels or 
charted f e a t u r e s g i v e cause f o r concern, and the v i g i l a n c e of port e n t r y 
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or e x i t may be relaxed somewhat. I t i s a t j u s t such times t h a t an 
unexpected s i t u a t i o n may c a t c h the unwary mariner o f f h i s guard, and 
d i s a s t e r ensue - witness the c o l l i s i o n between the t r a w l e r *Dionne 
Marie' and the s t a t i o n a r y tanker 'Rose Bay' on Cup F i n a l Day (!) 1990. 
An e l e c t r o n i c a i d t o safe n a v i g a t i o n must be capable of a s s i m i l a t i n g a l l 
p e r t i n e n t i n f o r m a t i o n i n e i t h e r of these extreme s i t u a t i o n s (and a l l 
i n t e r m e d i a t e cases) and e x t r a c t i n g s i g n i f i c a n t d e t a i l . I t should then 
provide a concise summary of the r e l e v a n t f a c t s and c o n c l u s i o n s , i n an 
e a s i l y - d i g e s t i b l e form. Graphics and c o l o u r , as w e l l as s p l i t - s c r e e n 
techniques, may be u s e f u l l y employed t o enhance the l e v e l and speed of 
communication. A balance must be s t r u c k between p a u c i t y of i n f o r m a t i o n 
and excessive c l u t t e r on-screen; simple c o n t r o l s f o r user s e l e c t i o n o f 
o p t i o n a l f e a t u r e s o f f e r g r e a t e r f l e x i b i l i t y i n d i s p l a y f o r m a t s . 
The d i s p l a y requirements d e t a i l e d above a l l p o i n t t o an advanced WIMPS 
(Windows-Icons-Mouse-Pointer System) environment, such as t h a t a v a i l a b l e 
on the Acorn Archimedes microcomputer. A number of windows (sub-screens 
onto d i f f e r e n t aspects of the process) may be open on the screen 
simultaneously, d i s p l a y i n g t e x t and/or gr a p h i c s ; any window may 
o p t i o n a l l y i n c o r p o r a t e c o n t r o l s f o r r e - s i z i n g , and f o r h o r i z o n t a l and/or 
v e r t i c a l s c r o l l i n g . Colour and graphics e f f e c t s may be used f o r v i s u a l 
impact. 
Pop-up menus may be invoked by use of mouse b u t t o n s , o f f e r i n g user 
o p t i o n s (e.g. r e - s c a l i n g o f g r a p h i c s d i s p l a y ) a l s o s e l e c t a b l e by mouse 
butto n s . Icons ( r e p r e s e n t a t i v e symbols) may be d i s p l a y e d on screen f o r 
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mouse-and-pointer a c t i v a t i o n or t e r m i n a t i o n of processes. 'Dialog boxes' 
may be designed t o d i s p l a y i n f o r m a t i v e t e x t under c e r t a i n c o n d i t i o n s , 
u s u a l l y w i t h user response; t h i s may be by a mouse-click on a response 
box ( p o s s i b l y s e l e c t i o n of one of s e v e r a l ) or by t e x t i n p u t . Such d i a l o g 
boxes s i m p l i f y t h e two-way communication between system and user. 
Much c o n s i d e r a t i o n has been given t o the ergonomics o f the system under 
discussion here. I t would seem a p p r o p r i a t e t o d i s p l a y some g r a p h i c a l 
r e p r e s e n t a t i o n of the c u r r e n t s c e n a r i o , i n c l u d i n g circumstances l e a d i n g 
up to t h a t s i t u a t i o n ; t h i s would a l l o w the user t o v i s u a l i s e p o s s i b l e 
f u t u r e developments. An up-to-the-raoment summary of the s a l i e n t f e a t u r e s 
of an encounter - range and bearing of hazard, time t o p r o j e c t e d domain 
in f r i n g e m e n t , course and speed of both own-ship and hazard - would a l s o 
a i d i n o b j e c t i v e assessment of the s i t u a t i o n . Not l e a s t , such an 
ad v i s o r y system must advise, p r e f e r a b l y i n c l e a r , s u c c i n c t statements; a 
r a t i o n a l e f o r the advice given should a l s o be a v a i l a b l e upon request. 
Figure 7.1 shows how the screen d i s p l a y f o r the e x p e r t system i s s p l i t 
i n t o three windows, meeting the needs o u t l i n e d above. The f o l l o w i n g 
sections give d e t a i l of the content of each window, 
7.1, The 'Tracks' Window 
This square window d i s p l a y s g r a p h i c a l l y the t r a c k s of own-ship and any 
hazard i n the v i c i n i t y ( f i g u r e 7.1). The t r a c k of own-ship i s shown i n 
green, t h a t of the hazard i n orange. I n f u r t h e r m u l t i - s h i p developments 
[ 7 ] , various other c o l o u r s are used f o r a d d i t i o n a l hazard v e s s e l s . Each 
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Figure 7,1 Screen d i s p l a y f o r expert system, showing windows f o r : 
( a ) t r a c k s of vessels i n v o l v e d (upper l e f t ) ; 
( b ) o p t i o n a l review of encounter so f a r (upper r i g h t ) ; 
( c ) continuously-updated s t a t u s i n f o r m a t i o n ( b o t t o m ) . 
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t r a c k i s marked a t 8-minute i n t e r v a l s ( r e a l time - see chapter 8 on 
simulated encounters) w i t h a symbol and a 'time-stamp', 0-9. Thus 
corresponding p o i n t s i n time can be compared on the t r a c k s of d i f f e r e n t 
vessels. I t i s a l s o p o s s i b l e t o o p t i o n a l l y add l e t t e r e d markers t o the 
t r a c k o f own-ship, t o i d e n t i f y c r i t i c a l p o i n t s i n the development of the 
encounter as r e l a t e d i n the 'Review' window (see s e c t i o n 7.3). 
S c r o l l bars on the base and r i g h t - h a n d s i d e of t h i s window permit 
movement of the d i s p l a y e d p o r t i o n around a sea area f o u r times t h a t s i z e 
( a t normal s c a l i n g ) . A l t e r n a t i v e l y , the scale o f the d i s p l a y may be 
reduced by a f a c t o r o f two, e n a b l i n g the whole of t h a t l a r g e r sea area 
to be viewed w i t h i n the window a t one time, A one-mile g r i d may 
o p t i o n a l l y be superimposed upon the d i s p l a y , t o g i v e a f e e l of s c a l e . 
These f e a t u r e s are i l l u s t r a t e d i n f i g u r e s 7.2, 7.3 and 7.A. 
The c u r r e n t format of t h i s d i s p l a y window has proved adequate f o r the 
development work undertaken so f a r , but f u r t h e r enhancement o f t h i s 
d i s p l a y technique i s planned t o cover the needs of longer voyages. As i t 
stands, the d i s p l a y t r a c k s the passage of of the vessels involved across 
the window f o r the d u r a t i o n of the s i t u a t i o n being considered - u s u a l l y 
a p o t e n t i a l c o l l i s i o n or near-miss encounter. I f l e f t f o r a longer 
period - f o r example, a complete voyage - then vessels i n i t i a l l y shown 
on the d i s p l a y ( i n c l u d i n g own-ship) w i l l u l t i m a t e l y disappear o f f one or 
another edge of the d i s p l a y window. C l e a r l y , i t i s a p r e r e q u i s i t e t h a t 
own-ship should a t a l l times be i n d i c a t e d on t h i s d i s p l a y , p r e f e r a b l y i n 
a f a i r l y c e n t r a l p o s i t i o n . This requirement, and v a r i o u s approaches 
which may be taken t o s a t i s f y i t , are considered i n s e c t i o n 11.2. 
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Figure 7.2 Screen d i s p l a y , showing use o f s c r o l l bars on ' t r a c k s * 
window t o move d i s p l a y up/down and t o l e f t / r i g h t . 
Status Range I f a r i n 
Figure 7.3 Screen d i s p l a y w i t h s c a le of grap h i c s window reduced by a 
f a c t o r o f two t o show f u l l ' t r a c k s * area. 
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(a) Large scale g r a p h i c s d i s p l a y 
j — 
rrrr 
Bearing Tine Speed Course Status 
( b ) Small scale g r a p h i c s d i s p l a y 
Figure 7,4 Screen d i s p l a y showing 1 n.m. g r i d on ' t r a c k s ' window 
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7.2, The 'Status' Window 
This window i s o p t i o n a l , being s e l e c t e d from a pop-up menu a c t i v a t e d by 
c l i c k i n g on the expert system i c o n (see s e c t i o n 7,4); i t may be c l o s e d 
a t any time by a c t i v a t i n g the 'close' box provided ( t o p l e f t o f window). 
The window i s s i t u a t e d along the bottom of the screen, c o v e r i n g the 
'icon bar' which holds the icons f o r a l l c u r r e n t l y - l o a d e d processes. 
Consequently i t i s necessary t o c l o s e the window ( t e m p o r a r i l y , at l e a s t ) 
i f access t o any of those icons i s r e q u i r e d , e.g. t o reach an icon menu. 
The s t a t u s window i s updated at every time-step (20 seconds, r e a l t i m e ) , 
g i v i n g a summary of the c u r r e n t s t a t e , i n t e x t and numerical form. Own-
ship's speed and course are shown, as i s the corresponding data f o r the 
hazard vessel ( t h e most t h r e a t e n i n g hazard, i n l a t e r developments). The 
c u r r e n t s t a t u s of own-ship w i t h regard t o any encounter s i t u a t i o n ( h e l d 
as p a r t of each ' r u l e ' node) i s a l s o shown - ' c l e a r ' , *cross-A' ( f i r s t 
stage o f c r o s s i n g encounter) e t c ; observed s t a t e o f the hazard vessel -
'ahead' or ' t u r n i n g * - i s l i k e w i s e d i s p l a y e d . I n a d d i t i o n , data r e l a t i n g 
the hazard t o own-ship i s shown - range, bearing and time t o p r o j e c t e d 
domain i n f r i n g e m e n t on c u r r e n t courses. 
The c o l o u r s f o r t h i s window have been s e l e c t e d t o g i v e c l e a r 
p r e s e n t a t i o n of d e t a i l w i t h o u t d i s t r a c t i n g the user's eye from other 
p a r t s o f the d i s p l a y . The amber background i s g e n e r a l l y recognised as 
the colour l e a s t conducive t o e y e s t r a i n , hence the use of amber screens 
i n many commercial and i n d u s t r i a l a p p l i c a t i o n s ( n o t a b l y radar s c r e e n s ) . 
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The dark green t e x t shows c l e a r l y on t h i s background, again w i t h o u t 
drawing a t t e n t i o n away from o t h e r i n f o r m a t i o n on the screen. 
The use of such muted c o l o u r s c o n t r a s t s w i t h the i n t e n t i o n a l l y b r i g h t 
background and c o n t r a s t i n g foreground c o l o u r s i n the * t r a c k s * g r a p h i c s 
d i s p l a y window. This has the e f f e c t o f d i r e c t i n g the user's a t t e n t i o n t o 
the l a t t e r , f o r quick a s s i m i l a t i o n o f the c u r r e n t s c e n a r i o ; s u p p o r t i n g 
t e x t u a l and numeric d e t a i l may then be r e f e r r e d t o by a conscious s w i t c h 
of a t t e n t i o n . 
7.3. The 'Review' Window 
A common f e a t u r e of rule-based i n t e l l i g e n t systems i s t h e i r c a p a c i t y t o 
provide a r a t i o n a l e f o r the d e c i s i o n s taken or recommendations made. 
This u s u a l l y takes the form o f i n f e r e n t i a l l o g i c based on c u r r e n t 
i n f o r m a t i o n i n the knowledge base: 
"A i s so, t h e r e f o r e B i s so." 
"Since B i s so, and C i s not so, i t f o l l o w s t h a t D i s so." 
" E i t h e r D or E i s so, consequently F must be so." 
"Having decided t h a t F i s so, and knowing t h a t G i s so and H i s so, 
the l o g i c a l c o nclusion i s ". 
The rule-based system under c o n s i d e r a t i o n here i s somewhat d i f f e r e n t 
c o n c e p t u a l l y , s i nce present decisions/recommendations are r e l a t e d t o a 
time sequence of events, o r i g i n a t i n g some time i n the past and 
c u l m i n a t i n g a t some po i n t i n the f u t u r e : 
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"Hazard vessel has moved from t h a t p o i n t t o t h i s p o i n t i n the past 
10 minutes. Continuing on t h a t course, i t w i l l i n f r i n g e our domain 
28 minutes from now.*' 
" I f we evaluate the encounter s i t u a t i o n 12 minutes before domain 
in f r i n g e m e n t ( i . e . 16 minutes from now), we w i l l prove t o be the 
give-way vessel i n a cr o s s i n g encounter." 
" I f we apply h a l f - r u d d e r t o starboard 16 minutes from now, our 
clearance of the other vessel w i l l be g r e a t e r than the domain 
r a d i u s . This i s t h e r e f o r e a safe manoeuvre". 
Any review o f the decision-making process must t h e r e f o r e i n c o r p o r a t e a 
time dimension. More than t h a t , these time-stages should be somehow 
l i n k e d t o the g r a p h i c a l i n f o r m a t i o n i n the ' t r a c k s * window, so as t o 
i l l u s t r a t e both the causes and the e f f e c t s o f the d e c i s i o n s . 
The 'review* window covers approximately o n e - t h i r d o f the screen, on the 
r i g h t above the * s t a t u s * window. T e c h n i c a l l y i t i s a ' t e x t o b j e c t * i n 
RISC-OS parlance, i . e . a window t o hold t e x t which may be added t o a t 
any time. The window i t s e l f i n c o r p o r a t e s c o n t r o l s f o r s c r o l l i n g 
h o r i z o n t a l l y and v e r t i c a l l y , also f o r expanding the s i z e of the window. 
As the encounter proceeds, each key p o s i t i o n on own-ship*s t r a c k i s 
noted (but not yet marked); the t e x t f o r the reasoning and d e c i s i o n 
associated w i t h t h a t p o i n t i n time i s added t o the s t o r e d review t e x t 
(but again, not yet d i s p l a y e d ) . Each such t e x t i t em i s a s u c c i n c t 
statement o f the p e r t i n e n t f a c t ( s ) and the i n f e r e n c e drawn. 
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At any time, the user may ask f o r the review t e x t t o be d i s p l a y e d (see 
7.4 - menus). The t e x t so f a r accumulated i s shown i n the t e x t window, 
successive t e x t items being l a b e l l e d w i t h successive c a p i t a l l e t t e r s , 
one f o r each key p o i n t . The t r a c k o f own-ship, i n the ' t r a c k s ' window, 
i s a l s o marked w i t h corresponding l e t t e r s , i n d i c a t i n g those p o i n t s a t 
which d e c i s i o n s / c o n c l u s i o n s were made (see f i g u r e 7.5). The review 
d i s p l a y , w i t h t r a c k l e t t e r i n g , may be updated a t any time by repeated 
menu s e l e c t i o n of the 'review' o p t i o n . 
As pr e v i o u s l y i n d i c a t e d , d e c i s i o n s by t h i s expert system are time-based, 
being s u b j e c t t o time c o n s t r a i n t s as w e l l as p h y s i c a l c o n s t r a i n t s . I t 
f o l l o w s t h a t the review t e x t must i n c l u d e a temporal c o n t e x t , as w e l l as 
explanation of s p a t i a l c o n s i d e r a t i o n s i n the 2-dimensional frame o f 
reference. This must be done i n such a way as to f a c i l i t a t e 
understanding and gi v e a meaningful summary which may be q u i c k l y and 
e a s i l y a s s i m i l a t e d ; a t the same time , the user must be g i v e n t h e 
o p p o r t u n i t y t o examine the l o g i c a l d e c i s i o n process i n d e t a i l , i f so 
re q u i r e d . 
The present implementation provides a b r i e f , s u c c i n c t statement f o r each 
key step i n the d e c i s i o n process. I t i s i n t e n d e d , a t a l a t e r d a t e , t o 
provide o p t i o n a l e l a b o r a t i o n of each of those s t e p s ; the format o f the 
review window and t e x t i t e m have been designed w i t h t h i s enhancement i n 
mind. D e t a i l s of t h i s planned development are given i n s e c t i o n 11.3. 
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H: Hazard u i th in rM9« 
POHT set at 28 nns 
B: 28 runs to anticipated 
Donain infrinQeivnt 
Over take f ron haz stbd 
war t f F . Turn l/fc->port 
C: 31* de9 turn. No t h r M t 
to dona in . Hold co'jrsf 
r. Safe to resume in i t ] 3 
headin9. Rlter-bach 
E. Course nou clear 
Back on i n i t i a l heading 
'1 C o u r s e S t a t u s RiA9e 
Figure 7.5 Screen d i s p l a y , showing review i n f o r m a t i o n d i s p l a y e d i n 
upper r i g h t window. Own-ship's t r a c k ( g r a p h i c s window, 
upper l e f t ) i s marked w i t h l e t t e r i n g corresponding t o 
review t e x t l e t t e r i n g , t o I n d i c a t e d e c i s i o n / a c t i o n p o i n t s . 
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Each item of review t e x t i s held w i t h i n the corresponding r u l e node (see 
section. 3.2) f o r which t h a t t e x t i s a p p r o p r i a t e . Not every r u l e c a r r i e s 
a s e c t i o n of review t e x t ; l i k e w i s e , o n l y c e r t a i n review t e x t s are 
'flagged' t o have s e q u e n t i a l l e t t e r i n g a t t a c h e d t o them. 
Some of the review t e x t s c a r r y a ' w i l d c a r d * symbol (#*) f o l l o w e d by an 
i d e n t i f i e r (e.g. #*P). This combination i s replaced a t a c t i o n time by the 
c u r r e n t value o f an item o f dynamic data w i t h i n the system. For example, 
the t e x t : 
PSMT set a t *iP minutes 
may be shown a t run-time as: 
PSMT set a t 16-minutes 
i f 16 i s the value determined by the look-ahead s i m u l a t i o n process. 
As y e t , t h i s f a c i l i t y i s used only s p a r s e l y , but a look-up t a b l e a t the 
end of the ' r u l e s ' f i l e makes extension o f the symbol l i s t a very simple 
process, when required i n f u t u r e e x t e n s i o n o f the r u l e s t r u c t u r e . 
7.A. Menus and Dialog Boxes 
In a d d i t i o n t o the three f a c e t s of the screen d i s p l a y d e t a i l e d above, 
there i s a t times a requirement f o r user i n t e r a c t i o n , when the user has 
the o p p o r t u n i t y t o provide i n f o r m a t i o n p e r t i n e n t t o the f u n c t i o n i n g of 
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the system. This may be mandatory, where the exp e r t system prompts the 
user f o r re q u i r e d i n f o r m a t i o n ; a l t e r n a t i v e l y i t may be o p t i o n a l , where 
the user e l e c t s t o provide new system parameters or s e l e c t a l t e r n a t i v e 
o p t i o n s . 
The WIMPS environment provides two means of such communication, namely 
pop-up menus and d i a l o g boxes. 
7.4.1. Pop-Up Menus 
A menu i s a c t i v a t e d by p o s i t i o n i n g the p o i n t e r over a s p e c i f i c i c o n , or 
w i t h i n a s p e c i f i c window, and then pressing the 'menu* bu t t o n on the 
mouse ( t h e middle b u t t o n , i n the case o f the Archimedes). The c u r r e n t 
expert system makes use of two such menus, which between them i l l u s t r a t e 
the uses of t h i s f a c i l i t y . 
One menu i s attached t o the expert system task i c o n , the green s h i p on 
the icon bar a t the bottom of the screen (sometimes hidden by the 
'status* window). This menu provides the user w i t h the f o l l o w i n g o p t i o n s 
(as i l l u s t r a t e d i n f i g u r e 7.6); 
In f o r m a t i o n about t h i s a p p l i c a t i o n 
Display 'status* window along bottom of screen 
Save c u r r e n t *tracks* window t o d i s k 
Quit t h i s task 
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Hazard within rMit 
POMT set at 2a nio: 
28 nins to anticipated 
Donain infringement 
Overtake fro« haz stDJ 
warter. Turn l/6->port 
38* de9 turn. Ho threat 
to dortain. Hold coursf 
D: Safe to resur^ e i n i t i j l 
heading. Alter-back 
Course now clear 





Figure 7,6 Expert System i c o n pop-up menu 
: Hazard within r iMf . 
POMT set at 28 nyr^i 
mns to anticipated 
Dona I n infrinoe'^ent 
Overtake fro« haz stb: 
quarter . Turn 1/6-/port 
C: 38* de9 turn. Ho threat 




D: Safe to resume init ial 
f»eading. fllter-back. 
E: Course now clear 
Back on in i t ia l headin; 
^ Status flM9f 
5 • n.n. 
12.1 315 • clear 2.9 66 
KT5 0 
18 8 338 8 
Figure 7.7 'Tracks* window pop-up menu. 
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As the p o i n t e r i s moved up or down the menu, each o p t i o n i n t u r n i s 
h i g h l i g h t e d . Pressing the l e f t - h a n d mouse bu t t o n w i l l a c t i o n the 
h i g h l i g h t e d o p t i o n , and c l e a r the menu; i f the o p t i o n i s n o t a 
t e r m i n a t i n g process (such as * q u i t ' ) , i t may be actioned w i t h o u t 
c l e a r i n g the menu by pressing the r i g h t - h a n d mouse b u t t o n . I f i t i s 
decided t h a t none of the o p t i o n s i s r e q u i r e d , the menu may be c l e a r e d 
from the screen by simply moving the p o i n t e r away from the menu and 
pressing the l e f t - h a n d mouse b u t t o n . 
The other menu i n the present system i s att a c h e d t o the ' t r a c k s ' window, 
and o f f e r s the user o p t i o n s i n r e l a t i o n t o t h a t window. The * t r a c k s * 
window menu i s shown i n f i g u r e 7.7. The o p t i o n s provided comprise: 
P r i n t a hard-copy of the c u r r e n t screen d i s p l a y 
Toggle o n / o f f a 1-mile square g r i d superimposed 
on the * t r a c k s ' window. 
Display review o f encounter so f a r , and mark 
own-ship's t r a c k w i t h corresponding l e t t e r i n g . 
Switch d i s p l a y t o s m a l l / l a r g e scale (as a p p r o p r i a t e ) 
I t i s a f a i r l y simple programming task t o extend an e x i s t i n g menu, o r t o 
a t t a c h a new menu t o an icon or a window which i s c u r r e n t l y not 
'menued'. Both of these enhancements may prove a p p r o p r i a t e i n f u t u r e 
extensions of the system. 
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7.4.2. Dialog Boxes 
A d i a l o g box i s an i n t e r a c t i v e f a c i l i t y which i s programmed t o appear on 
the screen under s p e c i f i c circumstances. I t provides the user w i t h 
i n f o r m a t i o n r e l a t i n g t o those circumstances, and r e q u i r e s a response o f 
the user. I t may cause ' f r e e z i n g ' o f the associated task (and p o s s i b l y 
other concurrent t a s k s , i f i t i s not 'well-behaved') u n t i l the user has 
provided a s a t i s f a c t o r y response. A l t e r n a t i v e l y (depending on the n a t u r e 
of the circumstances), the task r e s p o n s i b l e f o r the d i a l o g box may 
continue unimpeded, changing i t s course i f a p p r o p r i a t e once the user has 
responded. 
The form of user response r e q u i r e d by such d i a l o g boxes v a r i e s w i d e l y . 
The box may be pure l y i n f o r m a t i v e , r e q u i r i n g only an acknowledgement by 
the user i n the form of c l i c k i n g the ( l e f t - h a n d ) mouse bu t t o n w h i l s t the 
p o i n t e r i s over a 'button' i c o n ( l a b e l l e d 'OK*, or s i m i l a r ) i n the box. 
I t may prompt the user f o r s e l e c t i o n from two or more o p t i o n s - a g a i n , 
by c l i c k i n g on the a p p r o p r i a t e ' b u t t o n ' i c o n . Or i t may r e q u i r e t e x t 
i n p u t t o one or more t e x t icons w i t h i n the d i a l o g box. A s i n g l e d i a l o g 
box may i n c o r p o r a t e any combination o f these f e a t u r e s . 
A number of d i a l o g boxes are used i n t h i s system, and i t i s a n t i c i p a t e d 
t h a t f u r t h e r d i a l o g boxes w i l l be i n c o r p o r a t e d as the system in c r e a s e s 
i n complexity. Figure 7.8 i l l u s t r a t e s the d i a l o g box used t o i n p u t the 
i n i t i a l expert system parameters, on a c t i v a t i o n of the task by c l i c k i n g 
on the expert system task i c o n ; the ta s k does not commence u n t i l a l l 
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e n t r i e s t o the box have been completed, but the presence of t h i s box 
does not impede any other tasks which may be running c o n c u r r e n t l y . 
Figure 7,9 shows the system response i f an attempt i s made t o a c t i v a t e 
t he expert system i c o n a second time; t h i s d i a l o g box d i s a b l e s a l l o t h e r 
user i n t e r a c t i o n f o r the expert system task u n t i l the a p p r o p r i a t e 
response i s made by the user, but does not a f f e c t other c o n c u r r e n t 
t a s k s . Figure 7.10 i l l u s t r a t e s the d i a l o g box which i s d i s p l a y e d i f the 
*about t h i s a p p l i c a t i o n * menu o p t i o n i s s e l e c t e d from the task icon menu 
(see above). 
Between them, menus and d i a l o g boxes provide powerful t o o l s f o r two-way 
communication between the system and the user. With expansion of the 
system t o i n c o r p o r a t e a l t e r n a t i v e hazard s h i p models, e l e c t r o n i c c h a r t 
data (ECDIS), more complex manoeuvring ( f o r m u l t i - s h i p and emergency 
s i t u a t i o n s ) w i t h the p o s s i b i l i t y o f user s e l e c t i o n from a l t e r n a t i v e 
s t r a t e g i e s , i t seems l i k e l y t h a t such communication w i l l be even more 
w i d e l y used. 
F a c i l i t i e s e x i s t , should they prove necessary, f o r h i e r a r c h i c a l 
s t r u c t u r e s - sub-menus, d i a l o g boxes c a l l e d from w i t h i n d i a l o g boxes, 
e t c . Management of such s t r u c t u r e s , and ease of use by the non-computer-
s p e c i a l i s t , are c l e a r l y important c o n s i d e r a t i o n s should t h i s i n t e r a c t i o n 
process reach an advanced l e v e l o f c o m p l e x i t y . 
Dialog boxes and menus have also been used w i t h i n the tasks s u p p o r t i n g 
the simulated t e s t environment. Chapter 8 gives f u r t h e r d e t a i l s on t h i s . 
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Figure 7,10 Dialog box g i v i n g i n f o r m a t i o n about the program. 
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CHAPTER 8 
SIMULATED ENVIRONMENTS FOR DEVELOPMENT AND TESTING 
"To p r o t e c t ray s e c r e t - and myself - I r e t r e a t e d t o the s a f e t y o f t h i s 
t o t a l l y a r t i f i c i a l Universe and h i d myself away i n a f o r g o t t e n c r u i s e 
l i n e r . " 
Douglas Adams: The Restaurant At The End Of The Universe (1980) 
The development of t h i s expert system has progressed through a number of 
stages, of i n c r e a s i n g complexity. At each stage i t has been necessary t o 
provide an a p p r o p r i a t e t e s t environment, t o study the behaviour o f t h e 
system under simulated c o n d i t i o n s s u i t e d t o i t s c u r r e n t l e v e l o f 
performance. Each stage i s described i n some d e t a i l below. 
8.1. The I n t e g r a t e d Two-Ship System 
As explained i n s e c t i o n 1.3.2, e a r l y p r o t o t y p e s of t h i s expert system 
were developed on an A t a r i ST microcomputer. The f i r s t of these was a 
s i n g l e program which incor p o r a t e d the expert system d e c i s i o n l o g i c and 
the d r i v e r s f o r two simulated s h i p s . A schematic of t h i s f i r s t p r o t o t y p e 
i s shown i n f i g u r e 8.1. I n t h i s e a r l y implementation, no d i s t i n c t i o n i s 
drawn between the two vessels, a p a r t from l a b e l l i n g them as 'own-ship' 
and 'hazard'; they could e q u a l l y w e l l be termed 'ship A' and 'ship B'. 
The same d e c i s i o n l o g i c i s used f o r both v e s s e l s , and both are d r i v e n by 
the same ship s i m u l a t o r code. 
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•SwWin fe rence E n g i n e o p e r a t i n g on b u i l t - i n R u l e B a s e J i ^ t l x ; ^ ; ^ ^ 
fipplied i n d e p e n d e n t l y to knowledge base f o r own-ship and h a z a r d s h i p 
n o w l edge Base :f o r Own-ship ^ Data f r o n o b s e r v a t i o n s , 
7 7 7 T 7 Z 7 T nowledge B ase-wy f o r H a zard S h i p v y v 
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X . T T T T T T T T T T T T X T T T T T T T T T T T T T C o n t i n u a l l y u p d a t e s k n o w l e d g e base, s u b j e c t t o e x p e r t s i j s t e i i 
i b o t h f o r o w n - s h i p and ( s e p a r a t e l y ) f o r h a z a r d s h i 
I n f o r n a t i o n f l o w 
f o r Own-ship > 
I n f o r n a t i o n f l o w 
f o r Hazard S h i p 
Figure 8.1 O u t l i n e scructure of prototype system, showing i n t e r a c t i o n between 
expert system, knowledge bases f o r two vessels and ship s i m u l a t o r 
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Figure 8.2 Annotated example of screen d i s p l a y generated by prototype system, 
Figure 8.2 i s an annotated example of the screen d i s p l a y generated by 
t h i s f i r s t p r o t o t y p e . I t may be noted t h a t i n c e r t a i n respects the 
d i s p l a y i s asymmetric w i t h respect t o the two ve s s e l s : the s t a t u s of 
'own-ship* i s given d e f i n i t i v e l y , whereas the s t a t u s of 'hazard' i s 
given only as 'ahead' or ' t u r n i n g ' (as might be deduced from radar 
o b s e r v a t i o n ) ; the review t e x t , and corresponding t r a c k l e t t e r i n g , r e l a t e 
t o the s i t u a t i o n as seen from 'own-ship'; and the 'separation' d e t a i l s 
given i n the s t a t u s window are a l s o as observed from own-ship. These are 
purely f e a t u r e s of the user i n t e r f a c e , and do not r e f l e c t the e s s e n t i a l 
symmetry of the s i m u l a t i o n process. 
This f i r s t p r o t o t y p e was not i n any sense intended as an expert system 
i n i t s own r i g h t , but r a t h e r as a te s t - b e d f o r the r u l e s t r u c t u r e and 
d e c i s i o n l o g i c t o be used i n l a t e r v e r s i o n s . I n t h i s v e r s i o n , the r u l e s 
are a c t u a l l y embedded i n the program code, as opposed t o being held i n a 
separate f i l e a v a i l a b l e f o r simple m o d i f i c a t i o n . A l s o , the s e p a r a t i o n 
w i t h i n the program between the 'expert system' element, the 'ship 
s i m u l a t o r ' element and the 'user i n t e r f a c e * element i s not e x p l i c i t l y 
drawn, but i s r a t h e r an i m p l i c i t grouping o f the f u n c t i o n s r e l a t e d t o 
each of these tasks. 
As i l l u s t r a t e d i n f i g u r e 8.1, each of the two vessels i s represented by 
a separate 'knowledge base', each h o l d i n g a l l o f the s t a t i c i n f o r m a t i o n 
and c u r r e n t dynamic i n f o r m a t i o n f o r i t s a l l o c a t e d v e s s e l . There i s no 
d i r e c t l i n k between these two knowledge bases - the two vessels a r e not 
given u n r e s t r i c t e d access t o i n f o r m a t i o n on each o t h e r . However, t h e r e 
i s a l i m i t e d interchange o f i n f o r m a t i o n , comparable to t h a t a v a i l a b l e 
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through radar i n a ' l i v e ' s i t u a t i o n , as described i n the o u t l i n e of the 
s i m u l a t i o n process below. 
At the i n i t i a l i s a t i o n of each s i m u l a t i o n r u n , i n i t i a l parameters f o r 
each of the two vessels are i n p u t : speed, course, p o s i t i o n (on a 
standard x-y g r i d ) , t u r n i n g c i r c l e r a d i u s ; a l s o domain r a d i u s (common t o 
both vessels) and RDRR value t o be used f o r t h i s s i m u l a t i o n run. The 
s i m u l a t i o n then proceeds i n steps of 20 seconds, r e a l time - simulated 
by 1/2-second i n t e r v a l s of processor time. I n t h i s c o n t e x t , the expert 
system acts as a c o n t r o l l e r f o r each vessel i n t u r n . 
At each time-step the system performs the f o l l o w i n g stages: 
1) t r a n s f e r data on speed, course and p o s i t i o n of each vessel t o the 
knowledge base of the other (as one would expect t o be a v a i l a b l e i n 
the ' l i v e ' s i t u a t i o n through c o n v e n t i o n a l radar and ARPA systems); 
2) apply expert system l o g i c t o own-ship knowledge base ( i n c l u d i n g 
acquired data on hazard vessel) and r e c o r d a p p r o p r i a t e a c t i o n f o r 
t h i s time-step; perform corresponding f u n c t i o n on knowledge base 
f o r hazard vessel; 
3) simulate motion of own-ship f o r one 20-second time i n t e r v a l , and 
update own-ship knowledge base ( t a k i n g due account of i n d i c a t o r s 
set by expert system l o g i c i n stage 2 ) ; perform corresponding 
f u n c t i o n f o r hazard vessel; 
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4) output d i s p l a y i n f o r m a t i o n to screen f o r t h i s t i m e - s t e p ; r e c o r d any 
'review' i n f o r m a t i o n r e l e v a n t t o t h i s t i m e - s t e p , f o r d i s p l a y on 
request; send copy of c u r r e n t ' s t a t u s ' i n f o r m a t i o n t o d a t a l o g g i n g 
f i l e f o r p o s s i b l e l a t e r a n a l y s i s . 
The expert system l o g i c used i n t h i s e a r l y v e r s i o n c o n s i s t s o f the 
standard r u l e s as described i n s e c t i o n 5.1, evaluated on the basis o f a 
f i x e d RDRR value ( i n p u t as a parameter); no emergency manoeuvring was 
included i n t h i s implementation. Section 6.1 summarised the r e s u l t s of a 
sample of 500 randomly-generated encounter s i t u a t i o n s simulated under 
t h i s system; t h a t summary i s shown as a bar c h a r t i n f i g u r e 6.5. 
8.2. The Modular Multi-Processor System 
As i n d i c a t e d i n 8.1, the f i r s t prototype was not intended as an e x p e r t 
system, r a t h e r as a proving-ground f o r e x p e r t system concepts. The next 
phase was t o encompass those concepts i n a s e l f - c o n t a i n e d body o f code 
and associated data s t r u c t u r e s , w i t h f o r m a l i s e d i n t e r f a c e s f o r i n p u t o f 
i n f o r m a t i o n and ( p o s s i b l y ) output of c o n t r o l data. 
For t h i s purpose i t was necessary t o e x p l i c i t l y d e f i n e which s e c t i o n s of 
the e a r l i e r v e r s i o n a c t u a l l y comprised the 'expert system' element of 
the composite, and what c o n s t i t u t e d the i n p u t s and outputs f o r t h a t 
element (This i n c l u d e d the user i n t e r f a c e , and one s h i p knowledge base, 
f o r own-ship, as w e l l as the r u l e s w i t h t h e i r a s sociated d r i v i n g l o g i c ) . 
I t was also necessary t o e x p l i c i t l y i d e n t i f y the 'ship s i m u l a t o r ' 
element of the o r i g i n a l composite. 
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The expert system was now t o be housed i n a dedicated microcomputer 
system (as intended f o r the f i n a l p r o d u c t ) , w i t h hardware i n t e r f a c e s f o r 
i n p u t and output of i n f o r m a t i o n from/to associated systems. I t was 
t h e r e f o r e necessary a t t h i s stage t o add communications modules t o the 
software s t r u c t u r e , t o enable i n p u t and o u t p u t v i a the RS232 s e r i a l p o r t 
and MIDI (Musical Instrument D i g i t a l I n t e r f a c e ) p a r a l l e l p o r t - these 
being the two po r t s a v a i l a b l e f o r such purposes on the A t a r i ST. 
A secondary c o n s i d e r a t i o n , i n i s o l a t i n g the v a r i o u s elements o f the 
o r i g i n a l p r o t o t y p e , was to separate the knowledge bases of the two 
ships. I t was f e l t t h a t shared hardware might be f e l t t o compromise the 
independence of the two knowledge bases. For t h i s reason, the ship 
s i m u l a t o r f o r own-ship was programmed on a second A t a r i ST microcomputer 
and the s i m u l a t o r plus d r i v i n g l o g i c f o r the hazard vessel on a t h i r d 
ST. This l a t t e r package comprised the whole o f the o r i g i n a l program, but 
run f o r one ship o n l y ; the data f o r the o t h e r vessel (own-ship) was t o 
be communicated v i a the i n t e r f a c e p o r t . 
Thus the c o n f i g u r a t i o n shown i n f i g u r e 8.3 was a r r i v e d a t . The e x p e r t 
system was connected v i a the MIDI p a r a l l e l p o r t t o an A t a r i r u n n i n g a 
s i m u l a t o r program modelling behaviour o f own-ship, and v i a the RS232 
s e r i a l p o r t t o another A t a r i which modelled an ' i n t e l l i g e n t ' hazard 
vessel ( i . e . behaving i n accordance w i t h the r u l e s , as i n c o r p o r a t e d i n 
the o r i g i n a l system). 
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Figure 8.3 3-processor c o n f i g u r a t i o n used 
f o r second prototype. Expert 
system running i n dedicated 
microcomputer communicates 
w i t h s i m u l a t i o n environment 









At the beginning of each s i m u l a t i o n run, each computer system would be 
i n i t i a l i s e d s e p a r a t e l y , and would prompt f o r the i n i t i a l parameters 
a p p r o p r i a t e t o i t s p a r t i c u l a r f u n c t i o n . Domain r a d i u s and RDRR value 
were again common t o both vessels, being i n p u t t o the expert system and 
communicated t o the hazard system v i a the RS232 l i n k . As each o f the 
s i m u l a t o r systems was i n i t i a l i s e d , i t would s i g n a l i t s s t a t e o f 
readiness t o the 'expert system' processor v i a i t s communication l i n k . 
Once a l l systems were i n i t i a l i s e d , a c t i v i t i e s o f the three processors 
would be synchronised by s i g n a l s from the 'expert system' processor. I n 
a l l other respects, the f u n c t i o n i n g of t h i s development c o n f i g u r a t i o n 
corresponded i d e n t i c a l l y t o the processing i n the f i r s t p r o t o t y p e ; the 
screen d i s p l a y on the 'expert system' A t a r i VDU ( V i s u a l Display U n i t ) 
was i n d i s t i n g u i s h a b l e from t h a t on the f i r s t p r o t o t y p e f o r the same 
i n p u t data. 
T h i s phase of development was considered t o have served i t s dual purpose 
i n : 
( a ) d e f i n i n g the d i s t i n c t i o n between the exp e r t system i t s e l f and the 
p e r i p h e r a l elements which c o n s t i t u t e the t e s t environment; 
( b ) a c h i e v i n g a p h y s i c a l s e p a r a t i o n between the knowledge base f o r own-
shi p ( p a r t of the expert system s t r u c t u r e ) and the knowledge base 
f o r the hazard vessel ( p a r t of the t e s t environment) - thus 
assuring the i n t e g r i t y o f the i n f o r m a t i o n i n p u t process f o r the 
expert system. 
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This paved the way f o r the t r a n s f e r t o the Archimedes m u l t i - t a s k i n g 
system, and the ' m u l t i - t a s k ' v e r s i o n o f the e x p e r t system and s u p p o r t i n g 
t e s t environment, as described below, 
8.3. System Development i n a M u l t i t a s k i n g Environment 
Having v a l i d a t e d the u n d e r l y i n g conceptual basis f o r the system, a l o n g -
term s t r a t e g y was r e q u i r e d which would enable f u l l e r development of 
those concepts. This n e c e s s i t a t e d a development environment w i t h 
p o t e n t i a l f o r expansion t o meet the i n c r e a s i n g c a p a b i l i t i e s of such an 
incrementally-enhanced system. The processing power of the A t a r i ST was 
l i m i t e d ; steady accumulation of more A t a r i s t o s i m u l a t e f u r t h e r hazards 
and o t h e r f e a t u r e s seemed l e s s than s a t i s f a c t o r y ; another v i a b l e course 
of a c t i o n was r e q u i r e d . 
As an a l t e r n a t i v e t o the l i n k i n g of numerous microcomputer systems, a 
powerful m u l t i t a s k i n g system appeared to o f f e r a number o f b e n e f i t s : 
1) each new task could be added w i t h o u t having t o increase the number 
of computer systems i n use; 
2) communications between tasks could be e f f e c t e d by i n t e r n a l 
messaging p r o t o c o l s , r a t h e r than e x t e r n a l hardware l i n k s ; t h i s 
o f f e r e d b e n e f i t s i n both s i m p l i c i t y and r e l i a b i l i t y of such 
communications; 
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3) d a t a l o g g i n g f o r the v a r i o u s tasks could be performed on a s i n g l e 
d i s k , w i t h p r i n t o u t s t o a s i n g l e p r i n t e r i f r e q u i r e d . 
I t was a l s o f e l t t h a t , now s e p a r a t i o n of the v a r i o u s tasks had been 
e s t a b l i s h e d , such s e p a r a t i o n could be maintained under a m u l t i t a s k i n g 
regime, g i v i n g the same b e n e f i t s as the previous m u l t i - p r o c e s s o r 
c o n f i g u r a t i o n . 
As explained i n s e c t i o n 1,3.2 the Acorn Archimedes was chosen f o r i t s 
s u i t a b i l i t y on a number of f r o n t s . One of these was the m u l t i t a s k i n g 
c a p a b i l i t y , coupled w i t h the f a c i l i t y f o r opening a ' v i r t u a l screen' 
( i . e . a window) onto any of the c u r r e n t t a s k s . T h i s makes i t p o s s i b l e 
f o r the user t o monitor v a r i o u s tasks c o n c u r r e n t l y , and to communicate 
w i t h any of those tasks ( v i a menus and d i a l o g boxes) a t any t i m e . Such 
an environment i s c l e a r l y i d e a l f o r the intended purpose - p a r t i c u l a r l y 
when supported by a powerful processor and s u b s t a n t i a l memory. 
The c r e a t i o n of an ' a p p l i c a t i o n ' t o run c o n c u r r e n t l y w i t h other tasks 
under the WIMPS environment i s a s u b s t a n t i a l u n d e r t a k i n g , r e q u i r i n g 
s t r i c t adherence t o system p r o t o c o l s [ 2 8 ] . Each a p p l i c a t i o n must f i r s t 
i n i t i a l i s e i t s v a r i o u s event-handling r o u t i n e s , i n d i c a t i n g what 'events' 
(mouse moves, key presses, timer i n t e r r u p t s e t c . ) are of i n t e r e s t t o i t , 
and what a c t i o n should ensue i n such cases. On ' a c q u i r i n g ' the CPU 
through such an event, a task should conduct a l l necessary processing 
and r e l i n q u i s h c o n t r o l of the CPU w i t h i n a very s h o r t time i n t e r v a l ; i f 
the CPU i s 'locked up' by one t a s k , processing f o r a l l other concurrent 
tasks i s suspended f o r the d u r a t i o n . 
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Windows should be 'well-behaved\ i . e . capable of being o v e r l a i d by 
other windows, and re g e n e r a t i n g t i d i l y when o v e r l a y s are removed. 
Dynamic memory a l l o c a t i o n t o such f e a t u r e s as menus, d i a l o g boxes and 
windows must be c a r e f u l l y managed, t a k i n g memory from a v a i l a b l e pool 
(and l a t e r r e t u r n i n g i t ) i n such a way as t o not c o n f l i c t w i t h o t h e r 
a p p l i c a t i o n s or d e p l e t e the pool u n n e c e s s a r i l y . Last ( b u t not l e a s t ) any 
a p p l i c a t i o n which i s c l o s i n g down i t s o p e r a t i o n must do so i n an o r d e r l y 
manner, ensuring t h a t no fragments o f t h e i r d i s p l a y are l e f t l i t t e r i n g 
the screen, and t h a t a l l f i l e s , s p e c i a l i s t f u n c t i o n s and s u b s i d i a r y 
processes ( i f any) are closed or cleared i n accordance w i t h system 
p r o t o c o l s . 
The expert system was t r a n s f e r r e d to the Archimedes, and coded as a 
WIMPS a p p l i c a t i o n , as j u s t described. At the same time , the look-ahead 
s i m u l a t i o n process (described i n chapter 6) was added, w i t h concomitant 
enhancements t o the r u l e s t r u c t u r e and extensions t o the 'knowledge 
base' data s t r u c t u r e ; emergency manoeuvring, as described i n s e c t i o n 
5.2, was added a s h o r t w h i l e l a t e r . A r e p r e s e n t a t i v e i c o n ( f i g u r e 8.Aa) 
was created t o symbolise the a c t i v e presence o f t h i s a p p l i c a t i o n w i t h i n 
the m u l t i - t a s k i n g environment. 
Own-ship s i m u l a t o r was developed as a separate WIMPS a p p l i c a t i o n , w i t h 
i t s own ic o n ( f i g u r e 8.4c) and conforming t o system p r o t o c o l s . The 
hazard vessel, o p e r a t i n g under the l o g i c of the o r i g i n a l p r o t o t y p e , was 
l i k e w i s e converted t o a WIMPS a p p l i c a t i o n ( w i t h i c o n - f i g u r e 8.Ab). I t 
was a n t i c i p a t e d t h a t , w i t h minor m o d i f i c a t i o n s , the ^hazard s h i p ' 
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Figure 8.4 Icons r e p r e s e n t i n g expert system and ship s i m u l a t o r t a s k s 
( a ) expert system icon 
( b ) hazard s h i p s i m u l a t o r icon 
( c ) own-ship s i m u l a t o r i c o n 
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a p p l i c a t i o n could be r e p l i c a t e d w i t h i n the m u l t i - t a s k i n g environment t o 
represent a number o f hazard vessels; t h i s has s i n c e been done [ 6 ] (see 
also chapter 10). 
The Archimedes o p e r a t i n g system, RISC-OS, i n c o r p o r a t e s a message-
handling f a c i l i t y t h a t covers a broad range of f u n c t i o n s , passing 
messages between concurrent tasks or a c t i o n i n g / g e n e r a t i n g messages 
between a task and the o p e r a t i n g system i t s e l f . A message o f any s o r t t o 
an a p p l i c a t i o n c o n s t i t u t e s an event t o be processed by t h a t a p p l i c a t i o n . 
Messaging p r o t o c o l s must be s t r i c t l y observed by any a p p l i c a t i o n i f 
confusion i s t o be avoided. Even when observing these p r o t o c o l s , some 
d i f f i c u l t y was experienced i n f l u s h i n g 'used' messages from the system; 
continuous r e p e t i t i o n of messages ( c o n t r a r y t o system documentation) 
caused s e r i o u s problems f o r some t i m e . These problems were e v e n t u a l l y 
overcome by ' s e r i a l numbering' each message, and i g n o r i n g any message 
which appeared a second or subsequent t i m e . T h i s i s understood t o be a 
'bug' i n RISC-OS, which should be c o r r e c t e d i n a l a t e r r e l e a s e . 
The messaging f a c i l i t y has been used e x t e n s i v e l y w i t h i n t h i s development 
environment, performing the f o l l o w i n g t a s k s : 
1) upon a c t i v a t i o n of the 'expert system' a p p l i c a t i o n , i t broadcasts a 
message t o a l l p e r i p h e r a l a p p l i c a t i o n s c u r r e n t l y i n s t a l l e d ( a t 
present t h i s i s only 'hazard s h i p ' a p p l i c a t i o n and 'own-ship 
s i m u l a t o r ' a p p l i c a t i o n ) ; t h i s causes each t o become a c t i v e and 
enter i t s own i n i t i a l i s a t i o n r o u t i n e , as d e t a i l e d below; 
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2) p e r i o d i c t i m e - i n i t i a t e d event messages , generated by the o p e r a t i n g 
system, advise the ex p e r t system o f each successive time i n t e r v a l 
f o r processing purposes (20 seconds i n r e a l t i m e , v a r i a b l e -
c u r r e n t l y 1 second - f o r s i m u l a t i o n e x e r c i s e s ) ; 
3) a t each time-step, a broadcast message from the 'expert system* 
a p p l i c a t i o n prompts a l l other r e l a t e d a p p l i c a t i o n s t o perform t h e i r 
p e r i o d i c processing f u n c t i o n s ; a d i r e c t e d message from the * expert 
system' a p p l i c a t i o n t o the 'own-ship s i m u l a t o r ' a p p l i c a t i o n 
communicates c o n t r o l i n f o r m a t i o n d i r e c t i n g a c t i v i t y f o r t h i s t i m e -
step; 
4) as each p e r i p h e r a l a p p l i c a t i o n completes i t s processing f o r one 
time-step, i t communicates r e l e v a n t i n f o r m a t i o n back t o the 'expert 
system' a p p l i c a t i o n . 
F u n c t i o n i n g of the 'expert system' a p p l i c a t i o n i s described i n d e t a i l i n 
previous chapters; the f o l l o w i n g t e x t i s concerned w i t h the f u n c t i o n i n g 
of the other tasks which comprise the support/development environment 
f o r t h a t a p p l i c a t i o n , 
8.3.1. 'Own-Ship Simulator' A p p l i c a t i o n 
The 'own-ship s i m u l a t o r ' a p p l i c a t i o n models behaviour of the vessel 
being guided by the expert system; i n the development environment, t h a t 
guidance takes the form of c o n t r o l i n f o r m a t i o n t r a n s m i t t e d by the 
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'expert system' a p p l i c a t i o n and ac t i o n e d by t h i s a p p l i c a t i o n . As f o r the 
expert system, the s h i p model c u r r e n t l y i n use i s very s i m p l i s t i c , u s i n g 
a combination of s t r a i g h t - l i n e segments and c o n s t a n t - v e l o c i t y c i r c u l a r 
a r c s . However, a s h i p model o f any de s i r e d c o m p l e x i t y c o u l d be i n s t a l l e d 
i n t h i s a p p l i c a t i o n w i t h o u t d i f f i c u l t y , g i v i n g added r e a l i s m t o the t e s t 
environment w i t h o u t a l t e r i n g the expert system i n any way. 
On a c t i v a t i o n of t h i s process by a broadcast message from the 'expert 
system* module (see above), a d i a l o g box i s d i s p l a y e d . This prompts f o r 
and accepts the f o l l o w i n g data on own-ship: 
a) c u r r e n t p o s i t i o n (on standard x-y g r i d ) ; 
b) c u r r e n t speed; 
c ) c u r r e n t course; 
d) t u r n i n g c i r c l e r a d i u s . 
This data i s then held by t h i s a p p l i c a t i o n f o r c a l c u l a t i o n of f u t u r e 
s i t u a t i o n s , as w e l l as being t r a n s m i t t e d t o t h e 'expert system' 
a p p l i c a t i o n f o r processing, d i s p l a y and response. The f u n c t i o n i n g o f the 
ship model i s t o t a l l y mechanistic, c o n t i n u i n g i n a s t r a i g h t l i n e or 
f o l l o w i n g an arc of a t u r n i n g c i r c l e , as d i r e c t e d by the expert system. 
A menu attached t o the i c o n f o r t h i s a p p l i c a t i o n enables the c l o s i n g -
down o f the a p p l i c a t i o n a t any time by s e l e c t i o n o f the ' q u i t * o p t i o n . 
This e f f e c t i v e l y stops own-ship, w i t h o u t c l o s i n g down the expert system. 
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8.3.2. 'Hazard Vessel' A p p l i c a t i o n 
This a p p l i c a t i o n models the behaviour of an ' i n t e l l i g e n t ' hazard v e s s e l , 
i . e . a vessel a c t i n g i n c o n f o r m i t y w i t h the c o l l i s i o n avoidance 
r e g u l a t i o n s (as implemented i n the f i r s t and second p r o t o t y p e s ) . Upon 
a c t i v a t i o n of t h i s a p p l i c a t i o n by a broadcast s i g n a l from the 'expert 
system' a p p l i c a t i o n (see above), f u n c t i o n a l parameters f o r t h i s 
a p p l i c a t i o n are prompted f o r and i n p u t v i a a d i a l o g box. These i n c l u d e : 
a) c u r r e n t p o s i t i o n (on the standard x-y g r i d ) ; 
b) c u r r e n t speed; 
c) c u r r e n t course; 
d) t u r n i n g c i r c l e r a d i u s ; 
e) domain r a d i u s ; 
f ) RDRR value t o be used; 
These parameters i n c l u d e the necessary data f o r m o d e l l i n g s h i p 
behaviour, as w e l l as data f o r reference by the expert system d e c i s i o n 
l o g i c of the a p p l i c a t i o n . 
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At r e g u l a r i n t e r v a l s t h i s a p p l i c a t i o n i s t r i g g e r e d by a message from the 
^expert system* a p p l i c a t i o n ; t h i s message i n c l u d e s c u r r e n t p o s i t i o n , 
speed and course of own-ship ( r e p r e s e n t i n g radar d a t a ) . I t then performs 
the f o l l o w i n g sequence: 
1) c u r r e n t s i t u a t i o n i s evaluated by i n b u i l t e xpert system l o g i c , and 
course of a c t i o n defined f o r t h i s t i m e - s t e p ; 
2) s h i p s i m u l a t o r module implements d e c i s i o n s made i n ( 1 ) , and 
c a l c u l a t e s hazard vessel's new s i t u a t i o n ( p o s i t i o n , speed, course) 
a f t e r t h i s time-step (20 seconds, r e a l t i m e ) ; 
3) a message i s sent t o the 'expert system* a p p l i c a t i o n , g i v i n g t h i s 
new i n f o r m a t i o n ( r e p r e s e n t i n g data a v a i l a b l e v i a r a d a r ) . 
At any time t h i s a p p l i c a t i o n may be closed down, by s e l e c t i o n o f the 
* q u i t * o p t i o n i n the pop-up menu attached t o the 'hazard vessel* i c o n -
see f i g u r e 8.5. This has the e f f e c t o f s t o p p i n g the hazard v e s s e l , 
w i t h o u t i n any oth e r way a f f e c t i n g the 'expert system* a p p l i c a t i o n . 
The menu shown i n f i g u r e 8.5 al s o o f f e r s an o p t i o n o f manual c o n t r o l o f 
the hazard vessel. This enables the o p e r a t o r t o bypass the expert system 
l o g i c i n t h i s a p p l i c a t i o n , f o r c i n g the v e s s e l t o continue ahead, or t o 
t u r n e i t h e r t o por t or s t a r b o a r d . I n t h i s way, the hazard vessel may be 
held on a c o l l i s i o n course when i t should by r i g h t s give-way ( a c c o r d i n g 
t o the r e g u l a t i o n s ) , or even d i r e c t e d i n t o such a c o l l i s i o n course a t a 





H: Hazard within ranst. 
POHT set at 18 fiins. 
B: 18 nms to ant ic ipi t fd 
Dona in infrin9efwnt. 
T u r n 2 ' 6->stbd 
ShipJ 
Figure 8.5 Hazard Vessel Menu 
C o n t r o l H a z a r d S h i p 
A: Hazard within raft9i 
POUT set at 18 nm 
C o u r s e :- 3b 13 8: 18 runs to anticipated 
Dona in infringeiiefll 
5s in | - : I ' : : 
Figure 8.6 Hazard Vessel C o n t r o l Box 
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This f a c i l i t y has been provided t o enable the operator t o c r e a t e 
emergency s i t u a t i o n s , t o t e s t emergency manoeuvring s t r a t e g i e s i n the 
'expert system' a p p l i c a t i o n . T h i s r e q u i r e s the i n t r o d u c t i o n o f such 
'rogue' hazard v e s s e l s , which do not conform t o the c o l l i s i o n avoidance 
r e g u l a t i o n s . On s e l e c t i o n of t h i s menu o p t i o n , a d i a l o g box i s d i s p l a y e d 
( f i g u r e 8.6) i n which the user may s e l e c t ' p o r t ' , 'ahead' or ' s t a r b o a r d ' 
as r e q u i r e d . This ' c o n t r o l box' remains on d i s p l a y f o r the d u r a t i o n o f 
any manual i n t e r v e n t i o n . A s t a r below the s e l e c t e d course i n d i c a t e s the 
operator's a c t i o n . On completion o f any m a n u a l l y - d i r e c t e d manoeuvre, 
s e l e c t i o n of the ' q u i t ' o p t i o n i n t h i s d i a l o g box closes the box and 
r e t u r n s the vessel t o automatic c o n t r o l . 
The a d d i t i o n of the manual c o n t r o l box t o the hazard v e s s e l i s 
i l l u s t r a t i v e of a general p r i n c i p l e of t h i s development environment. I t 
i s p o s s i b l e t o enhance, extend or even completely r e s t r u c t u r e any p a r t 
of t h a t environment, as long as the format of communication w i t h other 
p a r t s o f the t o t a l system i s maintained. I t should a l s o be p o s s i b l e t o 
i n t r o d u c e new elements t o t h i s environment as separate a p p l i c a t i o n s , 





"Every man's work, whether i t be l i t e r a t u r e or music or p i c t u r e s or 
a r c h i t e c t u r e or any t h i n g e l s e , i s always a p o r t r a i t of h i m s e l f . " 
Samuel B u t l e r (1835-1902) The Way Of A l l Flesh 
I n order t o con f i r m s a t i s f a c t o r y performance a t the c u r r e n t stage of 
development, the system must be v a l i d a t e d a g a i n s t three c r i t e r i a : 
(1) e f f e c t i v e n e s s o f the r u l e base i n ensuring n o n - v i o l a t i o n o f the 
domain; 
( 2 ) appropriateness o f avoidance manoeuvres i n v a r i o u s s i t u a t i o n s , as 
judged by competent mariners; 
(3) v i a b i l i t y of the system on-board s h i p . 
Each of these c r i t e r i a has been addressed i n the v a l i d a t i o n phase, by 
r e s p e c t i v e l y : 
(1) s i m u l a t i n g one thousand randomly-generated encounter s i t u a t i o n s and 
measuring the se p a r a t i o n a t CPA w i t h o u t , and then w i t h , c o l l i s i o n 
avoidance d i r e c t e d by the expert system; 
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( 2 ) presenting a v a r i e t y o f sim u l a t e d encounter s i t u a t i o n s t o groups of 
experienced mariners, and a n a l y s i n g t h e i r responses t o the system's 
handling of those s i t u a t i o n s ; 
( 3 ) i n s t a l l i n g the system on-board a research vessel (see appendix B) 
equipped w i t h ARPA, s e t t i n g up a number o f encounter s i t u a t i o n s 
i n v o l v i n g a s i s t e r vessel ( t h e 'hazard*), and f o l l o w i n g the 
d i r e c t i o n s of the exp e r t system i n each case t o assess i t s 
e f f i c a c y . 
The r e s u l t s of these t h r e e processes are d e t a i l e d i n the f o l l o w i n g 
s e c t i o n s . 
9.1. Random Si m u l a t i o n of a Large Number of Encounter S i t u a t i o n s 
A d r i v e r program was w r i t t e n , capable of g e n e r a t i n g a s p e c i f i e d number 
of encounter s i t u a t i o n s , s u b j e c t t o the f o l l o w i n g c o n d i t i o n s : 
( 1 ) own-ship was i n i t i a l l y placed a t a f i x e d p o s i t i o n , and a second 
p o s i t i o n randomly generated f o r the hazard v e s s e l , such t h a t the 
range between the two vessels was l e s s than the domain r a d i u s (0.8 
n a u t i c a l m i l e s f o r t h i s e x e r c i s e ) ; 
( 2 ) each vessel was a l l o c a t e d a random course and a random speed i n the 
range 5 - 1 5 knots; own-ship was a l s o g i v e n a random t u r n i n g c i r c l e 
r a d i us i n the range 0.2 - 0.7 n a u t i c a l m i l e s ; 
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( 3 ) a ' t i m e - r e v e r s a l ' process was then a p p l i e d whereby each ve s s e l was 
drawn back along i t s t r a c k f o r a d i s t a n c e corresponding to equal 
time i n t e r v a l s , u n t i l the hazard v e s s e l was o u t s i d e own-ship's 
'b a l l p a r k * (20 minutes t o domain i n f r i n g e m e n t , i n t h i s c a s e ) ; 
(A) the separation a t CPA w i t h o u t c o l l i s i o n avoidance was c a l c u l a t e d 
(assuming both s t r a i g h t - l i n e t r a c k s ) ; the encounter was then 
allowed to proceed under the d i r e c t i o n of the expert system l o g i c , 
and the new s e p a r a t i o n a t CPA recorded. 
Notes on the m u l t i p l e s i m u l a t i o n program: 
(a ) the i n f e r e n c e engine and r u l e s t r u c t u r e f o r the f u l l expert system 
were copied w i t h o u t m o d i f i c a t i o n , f o r o p e r a t i o n by the d r i v e r 
program; e x c l u s i o n of a l l aspects of the user i n t e r f a c e , and 
separation from the WIMPS environment, enabled c o n s i d e r a b l e 
speeding-up of the s i m u l a t i o n process; 
( b ) the hazard vessel was not provided w i t h any avoidance c a p a b i l i t y ; 
encounters i n which the hazard was recognised as the give-way 
vessel were aborted, and not i n c l u d e d i n the f i n a l r e s u l t ( o r the 
count o f number o f e n c o u n t e r s ) ; 
( c ) the 'early course change* o p t i o n was i n c l u d e d a t the 20-minute 
RDRR. 
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As might be expected, e a r l y t r i a l s w i t h t h i s program generated encounter 
s i t u a t i o n s which had not been envisaged i n previous ' o n e - o f f encounters 
set up manually. A few of these h i g h l i g h t e d loopholes i n the r u l e 
s t r u c t u r e , f a l l i n g broadly i n t o t h r e e c a t e g o r i e s : 
( i ) some r u l e s r e q u i r e d two c r i t e r i a t o be s a t i s f i e d before moving 
on; i n e x c e p t i o n a l circumstances these c r i t e r i a proved t o be 
mutually e x c l u s i v e , and so the manoeuvre was never completed; 
( i i ) a manoeuvre which should have been f e a s i b l e w i t h o u t domain 
i n f r i n g e m e n t proved t o have i n f r i n g e d the domain - sometimes q u i t e 
badly; t h i s was found t o be due t o the o p e r a t i o n of c e r t a i n r u l e s 
i n b o r d e r l i n e cases, d e f e r r e d o p e r a t i o n of such r u l e s f o r c i n g a t 
l e a s t two executions ( p o s s i b l y then occasioning s i g n i f i c a n t l y 
more) where only one e x e c u t i o n o f the r u l e was r e q u i r e d ; 
( i i i ) the r e t u r n - t o - c o u r s e segment of the manoeuvre was c a l c u l a t e d on 
the basis of a diagram which was b e l i e v e d t o represent a f u l l y 
general case; i t t r a n s p i r e d t h a t a small number of encounter 
s i t u a t i o n s d i d not conform t o t h i s diagram, and consequent 
erroneous c a l c u l a t i o n s l e d t o premature r e t u r n i n g - t o - c o u r s e , and 
hence domain i n f r i n g e m e n t . 
Having i d e n t i f i e d these exceptions, and t h e i r r o o t causes, the f o l l o w i n g 
c o r r e c t i v e measures were taken: 
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( i ) where one r u l e was found t o c o n t a i n two requirements which were on 
occasions mutually e x c l u s i v e , an e x t r a r u l e was i n s e r t e d so t h a t 
the requirements could be checked s e q u e n t i a l l y , r a t h e r than a t the 
same time; i n such cases, f u l f i l m e n t o f one c r i t e r i o n f o l l o w e d by 
f u l f i l m e n t of the oth e r has proved s a t i s f a c t o r y , both i n meeting 
the needs of the r u l e s t r u c t u r e and i n r e s o l v i n g t h i s problem; 
( i i ) excessive o p e r a t i o n of a p a r t i c u l a r r u l e ( n o t a b l y * o v e r s t e e r i n g * ) 
was simply remedied by changing c e r t a i n r u l e l i n k a g e s from 
'deferred* t o 'immediate* s t a t u s ; 
( i i i ) the problem of the ' r e t u r n - t o - c o u r s e * segment was due t o r e l a t i n g 
the c i r c l e geometry i n v o l v e d t o a s p e c i f i c diagram - which d i d not 
f u l l y represent a l l p o s s i b l e cases; t h i s was replaced by a t o t a l l y 
d i f f e r e n t form of a n a l y s i s , based on the bina r y h a l v i n g concept 
(see appendix A); t h i s approach, which makes no s u p p o s i t i o n s as t o 
the j u x t a p o s i t i o n s o f the two vessels, overcame t h a t l i m i t a t i o n . 
F o l l o w i n g the above amendments to the r u l e base l o g i c , f u r t h e r t r i a l s 
have been c a r r i e d out using the m u l t i p l e s i m u l a t i o n program. Table 9.1 
gives the r e s u l t s of a run o f 1000 randomly-generated encounters, a l s o 
shown i n the form of a bar c h a r t i n f i g u r e 9.1. As can be seen, a l l o f 
these encounters threatened i n f r i n g e m e n t o f the 0.8 n.m. domain area; 
however, w i t h the a p p l i c a t i o n o f the expert system r u l e s , domain 
in f r i n g e m e n t has been averted i n every case. Moreover, the vast m a j o r i t y 
of avoidance manoeuvres have r e q u i r e d the bare minimum of d i v e r s i o n , 




( c a b l e s ) 
Number of 
instances 
w i t h o u t ACAS 
Number o f 
inst a n c e s 
w i t h ACAS (Automatic C o l l i s i o n 
Avoidance System) 
0 t o 1- 309 0 
1 t o 2- 180 0 
2 t o 3- 150 0 
3 t o 4- 116 0 
k t o 5- 101 0 
5 t o 6- 66 0 
6 t o 7- 49 0 
7 t o 8- 29 0 
8 t o 9- 0 600 
9 t o 10- 0 167 
10 t o 11- 0 83 
11 t o 12- 0 63 
12 t o 13- 0 34 
13 t o 14- 0 24 
14 t o 15- 0 14 
15 t o 16- 0 8 
16 t o 17- 0 2 
17 t o 18- 0 3 
18 t o 19- 0 2 
19 t o 20- 0 0 
9 .1 Results from 1000 randomly -generated 
(see f i g . 9.1 f o r d e t a i l s of parameters used) 
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Separations at CPA without ACAS 
Encounters 
300 - | 
200 -
100 -









Separations at CPA with ACAS 
Parameters 
(1) Domain radius = 0.8 n.m. 
(2) Speed for each vessel in 
the range 5 - 1 5 knots. 
(3) Turning radius for each vessel 
in the range 0.2 - 0.7 n.m. 
(4) Course for each vessel in the 
range 0 - 359 degrees. 
(5) Encounters so generated as to 
guarantee domain infringement 
if no avoidance action taken. 
(6) Encounters in which own-ship 
is s tand-on were excluded. 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 n.m 
Figure 9.1 Effects of Automatic Collision Avoidance System on a sample 
of 1000 randomly-generated encounter situations. 
C l e a r l y , the requirement f o r a c l e a r t u r n , coupled w i t h the l a r g e 
t u r n i n g r a dius of some of the sim u l a t e d v e s s e l s , has l e d to r a t h e r 
g r e a t e r divergence than necessary. However, t h i s s u b s t a n t i a l s i m u l a t i o n 
e x e r c i s e v i n d i c a t e s the e x p e c t a t i o n t h a t : 
(a ) the expert system w i l l d i r e c t manoeuvres so as to ensure avoidance 
of domain i n f r i n g e m e n t ; 
( b ) avoidance manoeuvres w i l l be conducted w i t h minimal d i v e r s i o n from 
course, s u b j e c t t o r e g u l a t i o n s and oth e r s a f e t y c o n s i d e r a t i o n s . 
9.2. Appraisal of System Performance by Experienced Mariners 
For t h i s e x e r c i s e , a sample of 25 experienced mariners was drawn from 
two d i f f e r e n t l o c a t i o n s and two l e v e l s o f e x p e r t i s e . F i r s t , lA s h i p ' s 
masters were consulted w h i l s t on a course a t Southampton I n s t i t u t e , 
Warsash. S h o r t l y a f t e r w a r d s , the system was demonstrated t o a group o f 
11 f i r s t mates on a master's course a t P o l y t e c h n i c South West, Plymouth. 
Both groups of mariners were shown the same s e t o f encounter s i t u a t i o n s , 
and asked t o record t h e i r views f o r each encounter on a standard 
q u e s t i o n n a i r e ( f i g u r e 9.2). As a consequence o f observations made by the 
f i r s t group, c e r t a i n parameters were v a r i e d f o r the second set of t e s t s , 
i l l u s t r a t i n g the a b i l i t y of the system t o respond t o user requirements 




( r e : C o m p u t e r - A s s i s t e d C o l l i s i o n A v o i d a n c e S y s t e m ) 
1 . Do you f i n d t h e g r a p h i c s d i s p l a y c o m p r e h e n s i b l e ? Y/N 
Comment: 
2. Do you f i n d t h e s u p p o r t i n g s t a t u s i n f o r m a t i o n 
( a ) C o m p r e h e n s i b l e ? Y/N ( b ) U s e f u l ? Y/N 
Commen t : 
Do you f i n d t h e r e v i e w t e x t 
( a ) C o m p r e h e n s i b l e ? Y/N ( b ) H e l p f u l ? Y/N 
Comment: 
4. Do you c o n s i d e r t h a t t h e a v o i d a n c e m a n o e u v r e shown c o n f o r m s 
w i t h good p r a c t i c e ? Y/N 
Commen t : 




As shown i n f i g u r e 9.2, the q u e s t i o n n a i r e covers three aspects o f the 
system: 
( i ) p r e s e n t a t i o n o f i n f o r m a t i o n t o the user (Q,l - 3 ) , i n terras o f 
(a ) c l a r i t y and ( b ) usefulness; 
( i i ) s u i t a b i l i t y of avoidance manoeuvres conducted i n response t o 
s p e c i f i c encounter s i t u a t i o n s (Q.A); 
( i i i ) appropriateness of the system f o r use as a t r a i n i n g a i d (Q.5). 
I t was agreed w i t h both groups t h a t responses t o Q.l - 3 and Q.5 would 
not vary from one encounter to another (except i n s o f a r as system 
response t o a s p e c i f i c s i t u a t i o n might be considered i n a p p r o p r i a t e -
t h i s i s covered by Q-A). Consequently, only Q.A was considered 
separately f o r each encounter, responses t o the other questions being 
given only once, on the q u e s t i o n n a i r e f o r the f i r s t encounter 
demonstrated. 
P r i o r t o demonstrations o f s p e c i f i c encounter s i t u a t i o n s , the system was 
explained i n d e t a i l , i n terms o f i t s f u n c t i o n , t o each group o f 
mariners. The f o l l o w i n g p o i n t s were made: 
( i ) the system as demonstrated d e a l s w i t h two vessels (own-ship and 
hazard) i n the open sea; however, i t i s intended t h a t the system 
should u l t i m a t e l y be expanded t o handle m u l t i - s h i p encounters i n 
confined waters; 
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( i i ) w i t h ( i ) i n mind, togethe r w i t h other c o n s i d e r a t i o n s (vessel s i z e , 
manoeuvring c h a r a c t e r i s t i c s , etc,)» the system i n c o r p o r a t e s scope 
f o r user v a r i a t i o n o f a number of f u n c t i o n a l parameters - passing 
d i s t a n c e , minimum time before encounter a t which a c t i o n should be 
taken, emergency manoeuvring c o n s i d e r a t i o n s ; raore ' f i x e d ' 
c o n s i d e r a t i o n s - notably minimum t u r n f o r an avoidance manoeuvre -
may be v a r i e d w i t h i n the program w i t h o u t d i f f i c u l t y , i f considered 
i n a p p r o p r i a t e ; 
( i i i ) the system i s intended t o operate i n an advisory c a p a c i t y , w i t h 
i n p u t s from on-board sensors ( r u d d e r , speed l o g etc,)» ARPA and 
u l t i m a t e l y e l e c t r o n i c c h a r t s and n a v i g a t i o n systems; however, f o r 
development purposes the system on d i s p l a y simulates the r e l e v a n t 
i n p u t s through two a d d i t i o n a l processes - own-ship and hazard 
s i m u l a t o r s - and c o n t r o l s the a c t i o n s o f own-ship according t o the 
advice given. 
The nature of the system d i s p l a y was shown and explained, i n c l u d i n g 
demonstration of user menu o p t i o n s . 
Question j . received a *yes* response from every one of the 25 m a r i n e r s 
i n v o l v e d i n t h i s e x e r c i s e . I . e . the g r a p h i c a l r e p r e s e n t a t i o n of s h i p s ' 
t r a c k s was considered c l e a r and unambiguous. 
Question 2 received a very f a v o u r a b l e response from the masters a t 
Warsash, less so from the second mates a t Plymouth. Of the 14 a t 
Warsash, I I considered the s t a t u s i n f o r m a t i o n comprehensible and 12 
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considered i t u s e f u l ; two masters abstained on the f i r s t p o i n t , and two 
(not the same two) on the second. I t i s i n t e r e s t i n g t o note t h a t one 
*no' and one abstension on the c o m p r e h e n s i b i l i t y issue both found the 
i n f o r m a t i o n u s e f u l ! 
The 11 mariners a t Plymouth were d i v i d e d on both the p o i n t s a t i s s u e , 
being s p l i t 5-5 ( w i t h one abstension) on c o m p r e h e n s i b i l i t y and A-4 ( w i t h 
three abstensions) on usefulness. T h i s time, t h r e e who voted 'no' f o r 
p o i n t ( a ) s t i l l found the d i s p l a y u s e f u l ! 
Question 3 e l i c i t e d a f a i r l y s t r o n g vote of confidence from both groups 
i n terms of c l a r i t y of p r e s e n t a t i o n (10 yes, 2 no, 2 abstensions a t 
Warsash, 8 yes, 3 no, no abstensions a t Plymouth); however, the r e a c t i o n 
t o the ' h e l p f u l n e s s ' question was again s p l i t i n both camps - 5 yes, 2 
no, 7 abstensions a t Warsash; 5 yes, 5 no, 1 abstension a t Plymouth. The 
c r i t i c a l comment voiced by s e v e r a l of the 'no' v o t e r s concerned t h e use 
of non-maritime j a r g o n (domain, POMT) i n the review t e x t . Terms such as 
TCPA would be much p r e f e r r e d - a v a l i d p o i n t which can be met by 
s u i t a b l e m o d i f i c a t i o n s t o the review t e x t . One 'yes* voter added the 
comment t h a t the s i t u a t i o n was " w e l l e x p l a i n e d " by the review t e x t . 
Question 4: Responses t o the v a r i o u s encounters, and the system's 
r e a c t i o n t o them, are d e a l t w i t h i n d e t a i l below. 
Question 5: The m a j o r i t y o f those canvassed regarded the system as 
eminently s u i t a b l e f o r t r a i n i n g purposes, 12 v o t i n g 'yes' (one 'no*, one 
abstension) a t Warsash, and 8 i n favour ( t h r e e 'no', no a b s t e n s i o n s ) a t 
Plymouth. One of the Plymouth 'noes* commented t h a t i t was OK f o r 
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classroom work, but u n s u i t a b l e f o r use on a s h i p - perhaps the p o i n t o f 
t h i s ' t r a i n i n g * q u e s t i o n was missed here. 
Responses t o Handling of Encounters (Q.A) 
Three encounter s i t u a t i o n s were demonstrated, two of which f e a t u r e d own-
ship as the give-way vessel and one i n which own-ship was stand-on t o a 
rogue vessel, f o r c i n g an emergency manoeuvre. The nature of each of 
these encounters, and the responses of both groups of mariners t o each, 
are d e t a i l e d below. 
Encounter ffl 
Own-ship heading OAO degrees, speed 7 kn o t s , i n i t i a l p o s i t i o n ( 1 , 1 ) on 
g r i d . Hazard heading 320 degrees, speed 7 k n o t s , i n i t i a l p o s i t i o n ( 7 , 1 ) . 
These parameters g i v e a c r o s s i n g encounter w i t h own-ship the give-way 
ve s s e l , l e a d i n g t o a c o l l i s i o n i f no a c t i o n i s taken. 
When demonstrated t o the masters a t Warsash, the domain radius was set 
at 8 cables, and the minimum RDRR a t 8 minutes; the system a c t u a l l y 
c a l c u l a t e d a POMT o f 18 minutes. The 'minimum c l e a r t u r n ' s e t t i n g w i t h i n 
the program a t t h i s time was 15 degrees, and the look-ahead r o u t i n e was 
set t o evaluate the s i t u a t i o n 30 minutes before domain i n f r i n g e m e n t . The 
screen d i s p l a y f o r t h i s encounter, as observed by the Warsash m a r i n e r s , 
i s shown i n f i g u r e 9.3(a). 
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Hazard uithin nnQ-. 
PONT set at i t mf>s 
L8 wins to aftticiPit»4 
Donair) mfr inoMMt 
Crossina - haz to stbd 
15* des turn. No th'tat 
to dofMin. Hold cou'S* 
Haz 15* de9s to port i f 
i n i t i a l hd9- filter-oack 
Course now c lMr 
Back on i n i t i a l head 
[ S ~ C o u r s e Status Range Bearing IineXW Course 
Figure 9.3(a) Encounter # 1 , as shown t o Warsash mariners 
D: Hazard ui thin ranie 
POMT set at 24 mns 
li mns to anticipated 
)onain infringement 
CrossinQ - haz to stM 
lurn 2/{->stbd 
- 45« des turn. No threat 
to donain. Hold course 
Haz 15^  deis to port if 
i n i t i a l hdg. fllter-oick 
E; Cour se now clear 
Back on i n i t i a l ^e•dlM 
L * ? l .ange Beanna Ii^ e Speed Course S t a S ^ 
Figure 9.3(b) Encounter # 1 , as shown t o Plymouth mariners 
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The response t o t h i s demonstration was mixed, 6 v o t i n g 'yes' on Q.A, 7 
v o t i n g 'no', and one a b s t a i n i n g . The c r i t i c a l o b s e r v a t i o n made by a 
number of p a r t i c i p a n t s was t h a t the manoeuvre would be b e t t e r performed 
e a r l i e r i n an open-sea s i t u a t i o n , and t h a t the amount of t u r n was 
inadequate f o r a c l e a r i n d i c a t i o n o f i n t e n t . 
I t was considered a p p r o p r i a t e t o a c t upon these comments, and then ask 
the second group of mariners t o g i v e o p i n i o n s on the r e v i s e d approach to 
t h i s s i t u a t i o n ; t h i s would e f f e c t i v e l y v a l i d a t e the a b i l i t y o f the 
system t o respond to user requirements by simple adjustment of system 
parameters. Consequently, the 'minimum t u r n ' was r e s e t t o A5 degrees, 
the domain r a d i u s f o r t h i s encounter was set t o 12 c a b l e s , and the 
minimum RDRR t o 24 minutes. The e f f e c t of these changes i s shown by the 
screen d i s p l a y i n f i g u r e 9.3(b). 
The response of the Plymouth mariners t o t h i s r e v i s e d approach was 
s u b s t a n t i a l l y more favourable than the Warsash r e a c t i o n , 9 v o t i n g 'yes' 
on question 4, 2 v o t i n g 'no' and none a b s t a i n i n g ( b o t h 'no' v o t e r s s t i l l 
considered the manoeuvre t o be too l a t e , one observing t h a t i t would be 
acceptable i n confined w a t e r s ) . Thus a 43% f a v o u r a b l e response a t 
Warsash became an 82% f a v o u r a b l e response a t Plymouth. This was c l e a r l y 
a v i n d i c a t i o n of the increase i n the system parameters, corresponding t o 
" a c t i n g i n good time", "making a c l e a r t u r n " and "passing a t a safe 




Own-ship heading 045 degrees, speed 7 k n o t s , i n i t i a l p o s i t i o n ( 1 , 1 ) on 
g r i d . Hazard heading 225 degrees, speed 7 k n o t s , i n i t i a l p o s i t i o n ( 7 , 7 ) . 
These parameters lead t o a head-on c o l l i s i o n i f no a c t i o n i s taken; 
there i s r e s p o n s i b i l i t y upon both vessels t o a l t e r t o s t a r b o a r d . 
I n the Warsash demonstration, the domain r a d i u s was set a t 10 cables and 
the minimum RDRR a t 8 minutes; the system again evaluated the POMT a t 18 
minutes. The screen d i s p l a y f o r t h i s encounter i s shown i n f i g u r e 9.4(a) 
- as can be seen, hazard took no a v o i d i n g a c t i o n , having evaluated the 
s i t u a t i o n r a t h e r l a t e r when own-ship was already c l e a r . 
Owing t o time c o n s t r a i n t s , only 7 o f the Warsash masters observed 
encounter #2 (and 7 encounter # 3 ) . Of these, 5 considered t h a t t h i s 
manoeuvre conformed w i t h good p r a c t i c e , 2 not so; none abs t a i n e d . Given 
the m a j o r i t y o p i n i o n i n favour of t h i s manoeuvre, the domain and minimum 
RDRR were not changed f o r t h i s manoeuvre i n the Plymouth t r i a l ; the 
m o d i f i c a t i o n from 15 t o 45 degrees minimum t u r n was, however, r e t a i n e d -
f i g u r e 9.4(b) shows the minor v a r i a t i o n so caused. 
The Plymouth group was als o reduced t o 7 f o r encounter #2 (and **3), due 
to other commitments. Th e i r response was i d e n t i c a l t o Warsash: 5 *yes', 
2 'no', no abstensions. One 'no' v o t e r commented t h a t a c t i o n time should 
be based on time t o CPA, not d i s t a n c e ("What i f both ships were making 
30 k n o t s ? " ) ; since i t had been explained t h a t POMT i s a time-based 




A: Hazard ui th in raA9«. 
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C: 15« des turn. Ho threit 
to donain. Hold course 
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Figure 9.4(a) Encounter i i 2 , as shown t o Warsash mariners 
Figure 9.4(b) Encounter i f 2 , as shown t o Plymouth mariners 
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Figure 9.5 Encounter <it3. as shown to both sets of mariners 
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Encounter »t3 
Parameters f o r both vessels as f o r encounter **1, but w i t h r o l e s reversed 
i . e . own-ship becomes the stand-on vessel i n a c r o s s i n g encounter w i t h 
p o t e n t i a l c o l l i s i o n . The hazard v e s s e l was c o n t r o l l e d so as to prevent 
i t a l t e r i n g t o s t a r b o a r d (as i t s h o u l d ) , f o r c i n g own-ship t o i n s t i g a t e 
emergency avoidance a c t i o n a t a l a t e stage. I t was explained t h a t the 
only emergency manoeuvre i n c l u d e d i n the r u l e base a t the moment was a 
f u l l - t u r n , but t h a t more d e t a i l e d manoeuvres could (and would) be added 
i n due course. I t was a l s o explained t h a t , i n an emergency, the system 
f u n c t i o n s so as to preserve an emergency domain, i n t h i s case s e t a t 4 
cables r a d i u s ; t h i s would, i n t u r n , determine an emergency RDRR a t which 
time a c t i o n must be taken t o preserve t h a t domain. 
As i n d i c a t e d above, 7 mariners from Warsash and 7 from Plymouth each 
evaluated t h i s manoeuvre, which was i d e n t i c a l f o r both groups ( f i g u r e 
9.5) - the 'minimum t u r n ' c r i t e r i o n being i r r e l e v a n t i n a f u l l - t u r n 
s i t u a t i o n . The response a t Warsash was unanimous approval, w h i l s t a t 
Plymouth 6 of the 7 voted 'yes*; the one 'no* added the comment " I t i s 
an a l t e r n a t i v e , but not my p r e f e r r e d one". 
Observations on Mariners* Responses 
I t i s worth n o t i n g t h a t t h e r e was a degree of 'consumer r e s i s t a n c e ' t o 
the system from the s t a r t i n both cases. This appeared to be based upon 
two premises: 
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( i ) t h a t the need f o r such a system i n some way cast aspersions on the 
t e c h n i c a l competence o f experienced mariners ("None o f us has ever 
been i n v o l v e d i n a c o l l i s i o n " ) ; 
( i i ) t h a t such a system might t h r e a t e n the l i v e l i h o o d of q u a l i f i e d 
mariners ("Something l i k e t h i s could do us out of a j o b " ) . 
There was al s o a c l e a r i n t e n t i o n t o d i s p e l any n o t i o n t h a t t h i s task 
could be f u l l y understood by a non-seafarer, s t i l l l e s s handled by some 
e l e c t r o n i c device ("This gear could never do what we have to do" - t h i s 
quote from t h e same mariner as ( x i ) above, w i t h i n the space o f around 30 
seconds). 
The responses of the two sets of mariners are summarised i n t a b l e 9.2, 
which should be considered i n c o n j u n c t i o n w i t h the f o r e g o i n g a n a l y s i s o f 
those responses and associated comments. The r e s u l t s of t h i s e x e r c i s e 
support the hypothesis t h a t t h i s system f u l f i l s i t s o b j e c t i v e s , as a 
f l e x i b l e working d e c i s i o n system capable of ad a p t a t i o n and/or e x t e n s i o n 
according t o user s p e c i f i c a t i o n s . 
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Table 9.2 Mariners' Responses To Questionnaires On Deraonstrations Of Simulated Encounter Situations 
Question 1 
YES NO ABSTAIN 





no. no. % 
Question 3 
YES NO ABSTAIN 
no, no 
Question 5 
YES NO ABSTAIN 
no. % no. % no. % no, 
Warsash (lA) U 100 0 0 0 (a) U 79 1 7 
(b) 12 86 0 0 
2 lA (a) 10 71 2 lA 2 U 
2 14 (b) 5 36 2 lA 7 50 
12 86 1 7 1 7 
Plymouth (11) U 100 0 0 0 0 (a) 5 A6 5 A6 1 9 (a) 8 73 3 27 0 0 
(b) A 36 A 36 3 27 (b) 5 A6 5 A6 1 9 
8 73 3 27 0 0 
-o 
00 
Total (25) 25 100 0 0 
Responses To Question A 
0 (a) 16 6A 6 2A 
(b) 16 6A A 16 
3 12 (a) 18 72 5 20 2 8 
5 20 (b) 10 AO 7 28 8 32 
20 80 A 16 1 A 
TOTAL 
Encounter nl 
YES NO ABSTAIN 
no. % no. no % 
Encounter tt2 
TOTAL YES NO ABSTAIN 
no. % no no. 
Encounter 3 
TOTAL YES NO ABSTAIN 




lA 6 A3 7 50 1 7 
11 9 82 2 18 0 0 
25* 15 60 9 36 1 A 
5 71 2 29 0 0 
5 71 2 29 0 0 
lA* 10 71 A 29 0 0 
7 7 100 0 0 0 0 
7 6 86 1 lA 0 0 
(* Not comparing l i k e with l i k e •- see section 9.2) 
9.3 Eval u a t i o n of Expert System on Sea T r i a l s 
Sea t r i a l s were conducted aboard a 40 f o o t p i c k e t boat from B r i t a n n i a 
Royal Naval College, Dartmouth (see appendix B), A second p i c k e t boat 
was employed as a t a r g e t v e s s e l . 
For the purpose of these t r i a l s , i t was not intended a t t h i s stage t o 
i n t e r f a c e the expert system t o any i n s t r u m e n t a t i o n aboard the research 
vessel. Rather, the expert system was t o be i n s t a l l e d adjacent t o the 
c o n t r o l s and i n s t r u m e n t a t i o n , but o p e r a t i n g independently. For each 
s p e c i f i c t r i a l encounter, own-ship and t a r g e t vessel would each be given 
an i n i t i a l p o s i t i o n , speed and course t o s t e e r . These parameters would 
be fed i n t o the expert system, which would then emulate the behaviour of 
both vessels as the encounter proceeded. At v a r i o u s p o i n t s i n the 
encounter, the expert system would i s s u e advice on the p r e f e r r e d course 
of a c t i o n f o r own-ship, and continue m o d e l l i n g the encounter on the 
assumption t h a t t h i s advice had been f o l l o w e d . Assuming accurate 
modelling of both vessels by the system, implementation of the advice 
given ( i . e . i n terms of p r a c t i c a l l y c o n t r o l l i n g the research v e s s e l ) 
should h o p e f u l l y lead t o s u c c e s s f u l r e s o l u t i o n of the encounter 
s i t u a t i o n . By t r a c k i n g the t a r g e t vessel on the research vessel's ARPA 
se t , a continuous comparison could be drawn between the a c t u a l progress 
of the encounter and the expert system's p e r c e p t i o n of events. 
Arrangement of the t r i a l s was not a t r i v i a l e x e r c i s e . The p i c k e t boats 
a t BRNC Dartmouth are i n use f a i r l y c o n s i s t e n t l y f o r t r a i n i n g purposes; 
t a k i n g two of them out f o r such an e x e r c i s e r e q u i r e d s u b s t a n t i a l 
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c o o r d i n a t i o n between research s t a f f , t e c h n i c a l s t a f f and boat-handling 
crew. Superimposed upon t h i s was a requirement f o r good weather, 
e s s e n t i a l i f meaningful o b s e r v a t i o n s were t o be made from (and o f ) small 
vessels a t separations o f s e v e r a l m i l e s . A d d i t i o n a l l y , the simple 
presence o f a c o a s t l i n e imposed c o n s t r a i n t s which had not p r e v i o u s l y 
r e q u i r e d c o n s i d e r a t i o n : simulated t r i a l manoeuvres had tended to be run 
South-to-North, w i t h o u t concern f o r f i x e d o b s t r u c t i o n s ; t r i a l s a t 
Dartmouth would r e q u i r e r a t h e r more thought i f one was t o avoid having a 
manoeuvre d i s r u p t e d by an approaching land-mass. With maximum speeds of 
around 10 knots, setup times had a l s o t o be considered i n the p l a n n i n g 
schedule, i n a d d i t i o n t o the expected d u r a t i o n of the encounter. 
Having watched and waited out the wet and windy w i n t e r weather, a 
s u i t a b l e "window* presented i t s e l f i n March, when c o n d i t i o n s seemed 
favourable and s t a f f and boats were a v a i l a b l e f o r a day. The Archimedes 
computer was i n s t a l l e d beside the ARPA on p i c k e t boat 9 ( f i g , 9.6), and 
boats 9 and 5 set out from Sandquay (Dartmouth) on f l a t calm water under 
c l e a r , sunny s k i e s ( f i g . 9.7). However, on l e a v i n g the Dart e s t u a r y a 
s u b s t a n t i a l s w e l l was encountered, a l o c a l l y moderate/rough sea s t a t e 
having been l e f t by the N o r t h - E a s t e r l y winds of the previous few days. 
The f i r s t n o t i c e a b l e consequence was a requirement t o l a s h down the 
Archimedes, t o prevent i t spontaneously t r a n s f e r r i n g from the c h a r t 
t a b l e t o the cabin s o l e . 
The f i r s t planned e x e r c i s e was a c r o s s i n g encounter, r e q u i r i n g an 
i n i t i a l s e p a r a t i o n o f 3 n a u t i c a l m i l e s . P i c k e t boat 5 was d i r e c t e d t o 
head 2 n.m. due West, w h i l s t PB 9 headed 1 n.m. due East. U n f o r t u n a t e l y , 
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( a ) ARPA and Archimedes aboard p i c k e t boat 9 
( b ) D e t a i l of the ARPA d i s p l a y 
Figure 9.6 Preparation f o r sea t r i a l s 
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( a ) P i c k e t boat 9 l e a v i n g Sandquay 
(b ) Picket boat 5 heading out o f Dartmouth 
Figure 9.7 Picket boats 9 and 5 under way 
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a t about 1 n.m. s e p a r a t i o n , PB 5 disappeared from the ARPA d i s p l a y due 
t o wave i n t e r f e r e n c e , the waves being o f the same order of h e i g h t as the 
boats. C l e a r l y , the exe r c i s e could not co n t i n u e as planned, s i n c e ARPA 
t r a c k i n g of the t a r g e t vessel was not f e a s i b l e . Despite r e n d e r i n g the 
system in o p e r a b l e , t h i s was not considered t o be a f a i l i n g o f the 
system, but r a t h e r a l i m i t a t i o n of the use o f small boats f o r t e s t i n g a 
system designed f o r s u b s t a n t i a l l y l a r g e r v e s s e l s . 
Consideration was given t o other methods o f t r a c k i n g the t a r g e t v e s s e l . 
I n p a r t i c u l a r , a r e g u l a r r a d i o c a l l from PB 5 o f i t s Decca p o s i t i o n 
could be compared w i t h the GPS p o s i t i o n recorded aboard PB 9 t o g i v e 
range and bearing. However, t h i s was considered too u n c e r t a i n t o j u s t i f y 
the c o m p l e x i t i e s i n v o l v e d , since any r e s u l t s so gained would n ot g i v e 
c l e a r proof of the e f f i c a c y of the expert system. R e g r e t f u l l y , the 
t r i a l s were abandoned f o r the day. 
The next o p p o r t u n i t y f o r such sea t r i a l s d i d not a r i s e u n t i l l a t e May, 
at which time p i c k e t boats 9 and 5 were again a v a i l a b l e f o r an a f t e r n o o n 
and weather c o n d i t i o n s i d e a l . The boats were taken w e l l c l e a r of the 
land and then separated, PB 5 again heading due West of PB 9. 
The f i r s t planned encounter was a c r o s s i n g , w i t h PB 9 approaching PB 5 
from the port s i d e , making PB 9 ( i . e . own-ship) the give-way vessel 
(see f i g . 9 . 8 ( a ) ) . At a sep a r a t i o n of 3 n a u t i c a l m i l e s PB 5 was d i r e c t e d 
t o proceed at 5 knots on a heading o f lAO degrees, w h i l s t PB 9 made 5 
knots on a heading of 220 degrees. This put the two vessels on a 
c o l l i s i o n course, w i t h p r o j e c t e d domain i n f r i n g e m e n t a l i t t l e over 20 
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minutes away. The expert system was given the course and speed o f each 
ves s e l , a t g r i d p o s i t i o n s which put them 3 n.ra, a p a r t East-West. 
As the encounter proceeded, the t a r g e t vessel was tracked on the ARPA, 
and readings compared w i t h those g i v e n on the s t a t u s l i n e of the e x p e r t 
system d i s p l a y . As the expert system advised on course changes f o r t h e 
avoidance manoeuvre, t h a t advice was t r a n s l a t e d i n t o a c t i o n a t the helm. 
The r a p i d t u r n i n g c a p a b i l i t y of the p i c k e t boat was n o t , o f course, 
f u l l y u t i l i s e d ; r a t h e r , the gradual t u r n i n d i c a t e d by the exp e r t system 
was f o l l o w e d , emulating the slower response of a l a r g e cargo v e s s e l . 
Throughout the progress o f the encounter, the i n f o r m a t i o n g i v e n on the 
two d i s p l a y s (ARPA and expert system) corresponded, t o the accuracy 
given on the computer screen. PB 9 s a f e l y maintained the i n t e g r i t y o f 
i t s s p e c i f i e d 0.8 n.m. domain, and came back onto course p r e c i s e l y as 
planned. The t r i a l was judged by a l l present t o be 100% s u c c e s s f u l . 
The next planned t r i a l was an o v e r t a k i n g encounter, PB 9 approaching PB 
5 o b l i q u e l y from the sta r b o a r d q u a r t e r (see f i g . 9 . 8 ( b ) ) . The ve s s e l s 
f i r s t separated t o a d i s t a n c e o f 1.75 n.ra-, PB 5 being due East o f PB 9. 
For t h i s e x e r c i s e , s e p a r a t i o n and speeds were kept r e l a t i v e l y s m a l l , t o 
avoid covering excessive d i s t a n c e s i n the course o f the manoeuvre. PB 5 
was d i r e c t e d t o proceed on a course o f 145 degrees a t 2 kn o t s , w h i l s t PB 
9 made 5 knots on a heading o f 110 degrees. These f i g u r e s were again fed 
i n t o the expert system, and the out p u t from the system compared w i t h the 
ARPA d i s p l a y as events proceeded. 
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(5 k n o t s ) 
(a ) Crossing manoeuvre, o w n - s h i p 
give—way. Hazard on course of 
140 degrees, o w n - s h i p on course 
of 220 degrees. Posi t ions shown at 





(b) Overtaking encounter, o w n - s h i p 
g ive-way. Hazard on course of 
145 degrees, o w n - s h i p on course 
of 110 degrees. Posi t ions shown at 
s ta r t , CPA and comple t ion of manoeuvre. 
Blue ships show posi t ions as t racked by 
sys tem, red hazard vessels show t rue 
vessel posi t ions due t o d iscrepancy in speed. 
2^ knots 
Figure 9.8 Two encounters as per fo rmed on sea tr ials, 
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The encounter proceeded smoothly, and the d i r e c t i v e s issued by the 
expert system were f o l l o w e d as bef o r e . However, as PB 9 turned t o p o r t 
t o pass behind PB 5, some discrepancy was observed i n the s e p a r a t i o n 
distances given by the two systems. I t became apparent t h a t PB 5 was i n 
f a c t moving r a t h e r f a s t e r than her intended 2 knots; as a consequence 
the gap between the two vessels was opening up r a t h e r f a s t e r than 
expected - the range at CPA was approximately 1 n.ra., r a t h e r than the 
0.8 n.ra, shown by the computer. The master o f the ves s e l confirmed t h a t 
i t was d i f f i c u l t t o hold such a vessel a t a c o n s i s t e n t slow speed, since 
speed was gauged from engine r e v o l u t i o n s ; a t low speeds, only one o f the 
two engines was i n use, and such a t r a n s l a t i o n was l e s s p r e c i s e . Given 
these c o n s i d e r a t i o n s , i t was again judged by a l l present t h a t the expert 
system had c o r r e c t l y diagnosed the s i t u a t i o n and implemented a p p r o p r i a t e 
evasive a c t i o n . Had the speed o f PB 5 not exceeded i t s s p e c i f i c a t i o n , i t 
i s considered t h a t the a c t u a l encounter would again have f o l l o w e d the 
p a t t e r n presented by the computer. 
This t h i r d stage o f v a l i d a t i o n has h i g h l i g h t e d c e r t a i n issues r e l a t e d t o 
marine deployment of such equipment, not apparent i n s i m u l a t e d land 
t r i a l s : r e l i a n c e on e l e c t r o n i c equipment, matching of ARPA d i s p l a y t o 
circumstances as v i s u a l l y observed from the b r i d g e , c o n s t r a i n t s imposed 
by c o a s t a l f e a t u r e s , e f f e c t s o f weather and sea s t a t e . At the same time, 
i t has proved the e f f i c a c y of the exp e r t system i n i t s intended 
environment - a t sea, w i t h i n the command c e n t r e o f a marine v e s s e l . I n 




"Believe me, ray young f r i e n d , t h e r e i s no t h i n g - a b s o l u t e l y n o t h i n g -
h a l f so much worth doing as simply messing about i n boats." 
Kenneth Grahame: Wind i n the Willows (1908) 
The expert system described here deals w i t h only one hazard vessel a t a 
time. However, the u l t i m a t e requirement i s a system which w i l l 
' a c q u i r e d deal w i t h (whatever t h a t may e n t a i l ) and then u l t i m a t e l y 
'drop' p o t e n t i a l hazard vessels, c a r r y i n g s e v e r a l i n the knowledge base 
at any one time, a t whatever l e v e l of d e t a i l i s deemed necessary. 
Current research [ 7 ] i s concerned w i t h j u s t such an approach: as any 
vessel comes w i t h i n ARPA range, i t i s evaluated as a p o t e n t i a l t h r e a t , 
i f necessary entered i n the knowledge base f o r d e t a i l e d c o n s i d e r a t i o n 
( o t h e r w i s e simply monitored f o r any change i n circumstance); as an 
encounter approaches, a s t r a t e g y i s devised which takes account of a l l 
vessels recorded i n the knowledge base; once a vessel i s heading away 
from own-ship, and u n l i k e l y t o be i n v o l v e d i n any f u t u r e manoeuvre, i t 
i s d e l e t e d from the knowledge base. 
The intended f i l t e r f o r s e l e c t i o n of p o t e n t i a l hazards i s an enlarged 
v e r s i o n of the Davis domain r e f e r r e d t o i n s e c t i o n 2.1. Fig u r e 10.1 
i l l u s t r a t e s the p r i n c i p l e : i f a t a r g e t vessel i s w i t h i n , or scheduled t o 
en t e r , the * super-domain', then i t may pose a d i r e c t t h r e a t , or 
a l t e r n a t i v e l y be i n a p o s i t i o n so as t o a f f e c t a manoeuvre around 
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Tracks of vessels 
relative to own-ship 
Figure 10.1 The 'Super-Domain', adapted from the Davis Domain (fig. 2.1(b)), used 
to identify those vessels which must be considered in relation to any 
avoidance manoeuvre - HI, H2, H3. Vessels whose tracks do not 
intersect the super-domain - X, Y, Z - are not considered such a threat. 
another vessel a t some f u t u r e time; o t h e r w i s e i t i s considered u n l i k e l y 
t o be i n any way r e l e v a n t t o f u t u r e manoeuvring d e c i s i o n s . Once a vessel 
i s o u t s i d e the * super-domain* and heading away from own-ship, i t need no 
longer be considered and may t h e r e f o r e be d e l e t e d from the knowledge 
base. 
The d e r i v a t i o n of such a s t r a t e g y f o r a m u l t i - s h i p encounter leaves much 
scope f o r i n d i v i d u a l i n t e r p r e t a t i o n o f the s i t u a t i o n . E s s e n t i a l l y , a 
m u l t i - s h i p scenario may be seen as a s e r i e s of two-ship encounters, a 
s i n g l e event r e q u i r i n g avoidance of a number of ships by a s i n g l e 
manoeuvre, or any v a r i a n t of these two p o s i t i o n s . 
I t might be p o s s i b l e , by c o n s i d e r a t i o n o f s e p a r a t i o n s and r e l a t i v e 
v e l o c i t i e s , t o group two or more hazard vessels f o r avoidance purposes, 
and consider them as a s i n g l e u n i t . Such a * super-ship* could be 
expected t o change shape and s i z e w i t h t i m e , and u l t i m a t e l y break up 
i n t o d i s c r e t e e n t i t i e s - each comprising one or more vessels. Likewise, 
vessels o r i g i n a l l y seen as i n d i v i d u a l s may a t some f u t u r e time 'merge' 
(from the p o i n t o f view of avoidance s t r a t e g y ) i n t o such a composite. 
The concept of a 'super-ship*, comprising a v a r i a b l e number of hazard 
vessels i s c l e a r l y very f l u i d and t r a n s i e n t , not easy t o t i e down. Rules 
t o accomodate such an e n t i t y may be devised a t some f u t u r e time. 
A much simpler concept, f o r a n a l y s i s purposes, i s t h a t of successive 
two-ship encounters. Here t o o , however, t h e r e are c e r t a i n c o n s t r a i n t s 
and c o n s i d e r a t i o n s which must be given due credence i n any d e r i v a t i o n of 
s t r a t e g y . I t i s not enough t o consider an encounter w i t h hazard A i n 
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i s o l a t i o n , w i t h o u t regard f o r other t r a f f i c , then having n e g o t i a t e d t h a t 
hazard t o t u r n one's a t t e n t i o n t o hazard B i n l i k e manner. C l e a r l y , 
one's p o s i t i o n v i s - a - v i s vessels B, C, D e t c i s s u b s t a n t i a l l y a f f e c t e d 
by the way one handles the encounter w i t h vessel A. 
At the same time, a m u l t i p l e look-ahead r o u t i n e c overing a complex 
s e r i e s of manoeuvres through a number of hazard vessels i s out of the 
q u e s t i o n . For example, l e t us suppose t h a t a p a r t i c u l a r s t r a t e g y f o r a 
s i n g l e manoeuvring stage considers each of three p o s s i b l e rudder 
s e t t i n g s f o r any of f o u r a c t i o n times - twelve o p t i o n s i n a l l (see 
f i g u r e 10.2). I t i s c l e a r t h a t , as the number of r e q u i r e d manoeuvring 
stages increases, the number of p o s s i b l e o p t i o n s r i s e s e x p o n e n t i a l l y as 
a power of t w e l v e . Figure 10,3 i l l u s t r a t e s an encounter i n which j u s t 
three manoeuvring stages are needed. Each stage may permit any o f twelve 
a l t e r n a t i v e s t r a t e g i e s , g i v i n g 12x12x12 = 1728 a l t e r n a t i v e paths through 
the encounter. C l e a r l y , i f each path i s completely evaluated by the 
look-ahead o p t i m i s a t i o n r o u t i n e before s e t t l i n g on the optimum r o u t e , 
the processing time r e q u i r e d w i l l v a s t l y exceed the ' t h i n k i n g time' 
a v a i l a b l e before the encounter becomes a d i s a s t e r . 
The s o l u t i o n would appear (as always) t o be a compromise, b e l i e v e d t o 
correspond c l o s e l y t o the a t t i t u d e o f the human master i n such 
circumstances. The most t h r e a t e n i n g hazard ( t h e one w i t h s h o r t e s t time 
t o domain i n f r i n g e m e n t ) i s given f u l l a t t e n t i o n w i t h regard t o an 
optimal manoeuvre. However, the outcome of t h a t manoeuvre i s t e s t e d 
( b r i e f l y , by a s i n g l e attempt) f o r f e a s i b i l i t y of the next stage; i f the 
next stage i s not f e a s i b l e , then the o p t i o n producing t h a t outcome i s 
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Figure 10 
Multiple look-ahead for evaluation 
of POMT, showing effect of each of 
three rudder settings (R1. R2. R3) for 






A 3—stage manoeuvre for avoidance 
of multiple hazard vessels. 
H3 
r e j e c t e d ; i f i t i s f e a s i b l e , but i n some way u n s a t i s f a c t o r y ( e . g . 
c r e a t i n g a new encounter s i t u a t i o n i n which another vessel i s now f o r c e d 
t o d i v e r t ) , then a c o s t i n g i s added t o the o p t i m i s a t i o n cost f u n c t i o n t o 
r e f l e c t t h i s . 
One f u r t h e r refinement would be t o 'merge* successive stages of a 
composite manoeuvre i f such a c t i o n seems a p p r o p r i a t e . F i g u r e 10.A 
i l l u s t r a t e s t h i s p o i n t : own-ship has a l t e r e d to s t a r b o a r d to avoid 
hazard 1; a f t e r a small t u r n , t h i s f i r s t stage i s complete, and own-ship 
would continue on a s t r a i g h t course f o r a time were i t not f o r hazard 2; 
since avoidance of hazard 2 w i l l , i n due t i m e , n e c e s s i t a t e a f u r t h e r 
t u r n t o s t a r b o a r d , i t makes sense t o c o n t i n u e the i n i t i a l t u r n as shown, 
r a t h e r than s t r a i g h t e n - u p and then a l t e r again s h o r t l y a f t e r w a r d s . 
Obviously, i t would not do t o c a r r y such a c t i o n too f a r . I f subsequent 
hazards were t o f o r c e own-ship even f u r t h e r o f f course, then the i n i t i a l 
manoeuvre could u l t i m a t e l y prove extremely i n e f f i c i e n t . I t would seem 
l o g i c a l , t h e r e f o r e , t o a t t a c h some cos t t o any such increased d i v e r s i o n , 
to discourage use o f such a nianoeuvre where a more economical 
a l t e r n a t i v e i s a v a i l a b l e . That c o s t could be r a t h e r more than a simple 
l i n e a r f u n c t i o n of the angle of d i v e r s i o n . 
Since l a t e r stages i n a compound manoeuvre w i l l be t e s t e d only b r i e f l y 
f o r f e a s i b i l i t y (as opposed t o s e l e c t i o n of an o p t i m a l manoeuvre from a 
wide range of o p t i o n s , i n the f i r s t s t a g e ) , the p o s s i b i l i t y must be 
considered of accumulated e r r o r g i v i n g a f a l s e r e s u l t . For example, a 





Assimilation of two stages into a single 
turn, giving composite manoeuvre for 
hazard configuration as in fig. 10.3. 
H3 
stage, whereas the a c t u a l p o s i t i o n a t the end of stage four may render 
stage f i v e i m p r a c t i c a b l e - see f i g u r e 10.5. One way to combat t h i s 
problem would be t o add a percentage * growth' t o the domain s i z e f o r 
each successive stage of e x t r a p o l a t i o n beyond the f i r s t manoeuvring 
stage. This added e r r o r margin should ensure t h a t any e x t r a p o l a t e d 
manoeuvring stage which appears f e a s i b l e w i t h an enlarged domain should 
prove to be so w i t h a normal domain when the manoeuvre i s a c t u a l l y 
c a r r i e d out. T h i s approach may, of course, d i s q u a l i f y a manoeuvre which 
would have succeeded. Since any c o l l i s i o n avoidance s t r a t e g y must o f f e r 
c e r t a i n t y of safe completion, occasional r e j e c t i o n of a workable o p t i o n 
i s a p r i c e which must be paid f o r such c e r t a i n t y . 
Considerations r e l a t i n g t o m u l t i - s h i p encounters are f u r t h e r compounded 
by the c e r t a i n e x p e c t a t i o n t h a t the master o f any hazard vessel w i l l n o t 
only consider our own-ship, but a l s o any o t h e r vessels i n the v i c i n i t y , 
when d e v i s i n g h i s own plan o f a c t i o n . I t i s t h e r e f o r e incumbent upon 
t h i s expert system, i n s o f a r as p o s s i b l e , t o 'second-guess* the 
i n t e n t i o n s of masters of other vessels i n the v i c i n i t y v i s - a - v i s each 
othe r , as w e l l as i n respect of our v e s s e l . However, i f taken t o 
extremes, t h i s can lead t o r e c u r s i v e reasoning o f the form "What does he 
t h i n k t h a t I t h i n k t h a t he i s going t o do?" (comparable to the deadlock 
a t a mini-roundabout when t h e r e i s a car w a i t i n g i n each approach r o a d ) . 
Common sense suggests t h a t such l o g i c stop a t the f i r s t l e v e l , w i t h 
advice from expert mariners on the l i k e l y i n t e n t i o n s o f other vessels i n 
a v a r i e t y o f s i t u a t i o n s . Such e x p e c t a t i o n s could be b u i l t i n t o t h e r u l e 
base a t some f u t u r e time, p o s s i b l y o p e r a t i n g i n c o n j u n c t i o n w i t h data on 






O w n - s h i p 
Figure 10.5 
Cumulative effects of small errors 
in implementation of planned mul t i -s tage 
manoeuvre, leading to non-viable final stage. 
CHAPTER 11 
CONCLUSIONS AND FUTURE DEVELOPMENTS 
"The outcome of any se r i o u s research can only be t o make two ques t i o n s 
grow where only one grew b e f o r e . " 
T h o r s t e i n Bunde Veblen (1857-1929): 
The Place Of Science I n Modern C i v i l i z a t i o n 
11.1 Conclusions 
The prime o b j e c t i v e of t h i s research has been t o i n v e s t i g a t e the 
a p p l i c a t i o n of computer-based e x p e r t systems technology t o the task o f 
c o l l i s i o n avoidance. This has e n t a i l e d : 
( a ) a n a l y s i s of the nature of the problem: what a c o l l i s i o n i s , 
d i f f e r e n t types of c o l l i s i o n s i t u a t i o n s , circumstances under which 
such s i t u a t i o n s may a r i s e , p o s s i b l e consequences i f remedial a c t i o n 
i s not taken; 
(b) d e f i n i t i o n of p r i n c i p l e s by which a s i t u a t i o n of c o l l i s i o n o r near-
miss may be recognised; s p e c i f i c a l l y , f o r w a r d - l o o k i n g e x t r a p o l a t i o n 
o f c u r r e n t circumstances can show whether t h e r e i s any r i s k o f such 
an event; 
( c ) i d e n t i f i c a t i o n of a p p r o p r i a t e boundaries or 's a f e t y zones' around 
the e n t i t y t o be pr o t e c t e d and/or other e n t i t i e s which c o n s t i t u t e 
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p o t e n t i a l hazards; these boundaries may be distance-based or t i m e -
based; a progression of s u c c e s s i v e l y smaller boundaries may 
i n d i c a t e i n c r e a s i n g l e v e l s o f immediacy i n terms o f r e q u i r e d 
a c t i o n ; 
(d ) f o r m u l a t i o n of avoidance s t r a t e g i e s t o deal w i t h p o t e n t i a l 
c o l l i s i o n or near-miss s i t u a t i o n s , and p r i n c i p l e s whereby the 
a p p r o p r i a t e s t r a t e g y may be s e l e c t e d f o r a s p e c i f i c s i t u a t i o n ; 
(e) c o n s i d e r a t i o n o f s u i t a b l e forms of communication between the e x p e r t 
system, the environment i n which i t i s o p e r a t i n g , and the user of 
t h a t system. 
For reasons d e t a i l e d i n chapter 1, the maritime s e t t i n g was chosen as a 
s u i t a b l e f i e l d f o r e x p l o r a t i o n o f these concepts. Consequently t h e main 
t h r u s t of t h i s research has been d i r e c t e d towards the f o r m u l a t i o n and 
implementation of a computer-based system f o r i n t e l l i g e n t marine 
c o l l i s i o n avoidance. W h i l s t i t was not expected t h a t t h i s work would 
d e l i v e r , as an end-product, a f u l l y v i a b l e marine c o l l i s i o n avoidance 
system, i t was intended t h a t the r e s u l t i n g system would embody a l l the 
concepts necessary f o r the u l t i m a t e p e r f e c t i o n of such a t o o l . 
Through the d u r a t i o n of t h i s research, the developing system has gone 
through v a r i o u s stages on two d i f f e r e n t computer systems. Since each 
stage had been a n t i c i p a t e d , i n o u t l i n e , a t the previous stage (and 
t h e r e f o r e , working back i t e r a t i v e l y , i n embryo a t l e a s t i n the i n i t i a l 
design phase), the t r a n s i t i o n from each stage t o the next has been one 
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of enhancement, r a t h e r Chan complete r e s t r u c t u r i n g . This concept of 
'upward c o m p a t a b i l i t y * i s a major t e n e t o f the present system, o f f e r i n g 
ease of a s s i m i l a t i o n of new concepts - i n c l u d i n g those d e t a i l e d i n 
chapter 10 and the l a t e r s e c t i o n s o f t h i s chapter. 
I t has not been p o s s i b l e , or a p p r o p r i a t e , t o work m e t h o d i c a l l y through 
stages (a) - ( e ) (as d e t a i l e d above) as successive steps i n the 
development of the r e q u i r e d system. The process has been more g e n e r a t i v e 
i n nature, a l l of these stages being advanced i n p a r a l l e l , each 
c o n t r i b u t i n g i t s p a r t to the o v e r a l l concept. I n f a c t , the element which 
received most a t t e n t i o n a t the o u t s e t was i t e m ( e ) , the user i n t e r f a c e . 
I t was f e l t t h a t the nature of the communication between system and user 
was a c o n s i d e r a t i o n which c o u l d , and should, be planned f a i r l y 
thoroughly a t the o u t s e t , w i t h o u t regard f o r the d e t a i l s of d e c i s i o n -
making and manoeuvring. As a consequence, the 3-window d i s p l a y format 
has remained much the same throughout; use of d i a l o g boxes, pop-up menus 
and mouse-driven o p e r a t i o n s have added s o p h i s t i c a t i o n as the system has 
progressed, i n accordance w i t h the o r i g i n a l plans. 
I n p r i n c i p l e i t has not been d i f f i c u l t t o i d e n t i f y the problem. Shipping 
s t a t i s t i c s show a c o n s i s t e n t r e c o r d , and r e g u l a r newspaper r e p o r t s c a r r y 
a grim reminder, t h a t c o l l i s i o n s a t sea are an a c t u a l i t y and t h e r e i s 
much room f o r improvement i n the s a f e t y record of marine t r a n s p o r t . 
Having said t h i s , the reasons f o r each p a r t i c u l a r d i s a s t e r are o f t e n the 
s u b j e c t of v a l i d d i f f e r e n c e s of o p i n i o n and i t i l l behoves a non-raaster-
mariner t o be wise a f t e r the event. However, c e r t a i n u n d e r l y i n g concerns 
may be recognised, and h o p e f u l l y addressed i n the f o r m u l a t i o n o f a 
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computer-based system. These centre on: 
(a) the wide range of i n f o r m a t i o n a t times having t o be a s s i m i l a t e d by 
one person on the bridge of a s h i p ; 
( b ) the n o n - s p e c i f i c wording of c e r t a i n key phrases i n the c o l l i s i o n 
avoidance r e g u l a t i o n s , n e c e s s i t a t i n g s u b j e c t i v e i n t e r p r e t a t i o n by 
mariners; 
( c ) the occasional use of u n q u a l i f i e d , or oth e r w i s e incompetent, s t a f f 
as duty o f f i c e r s on marine vessels. 
Consequent on these obse r v a t i o n s , i t f o l l o w e d l o g i c a l l y t h a t any 
computer-based system should: 
( a ) provide p e r t i n e n t and t i m e l y i n f o r m a t i o n i n an e a s i l y - d i g e s t i b l e 
form a t the p o i n t of need; 
( b ) apply a well-reasoned i n t e r p r e t a t i o n of the c o l l i s i o n avoidance 
r e g u l a t i o n s , which would not lead t o u n c e r t a i n t y i n the minds of 
masters of other vessels or make rash assumptions r e g a r d i n g the 
i n t e n t i o n s of those masters; 
( c ) g i v e c l e a r v i s u a l (and pos s i b l y a u d i b l e ) warning, i n good tim e , of 
impending danger, and e q u a l l y c l e a r advice on how the s i t u a t i o n 
could best be s a f e l y resolved ( t h i s c o u l d u l t i m a t e l y lead t o the 
marine e q u i v a l e n t of the *dead man's handle*, where t h e system 
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would c o n t r o l the vessel through a p o t e n t i a l d i s a s t e r s i t u a t i o n i f 
no a c t i o n i s taken by the O f f i c e r o f the Watch). 
The f i r s t o f these observations has determined the nature o f the 
i n f o r m a t i o n d i s p l a y e d i n each of the t h r e e windows on the computer 
screen: b r i e f , t o the p o i n t , l a y o u t and use of c o l o u r c a r e f u l l y chosen 
t o conmiunicate . key f a c t s q u i c k l y and e a s i l y . The second has proved a 
r e c u r r i n g theme throughout the work, r e q u i r i n g a f l e x i b l e y e t 
unambiguous response t o every conceivable combination o f circumstances. 
Successive l e v e l s of s o p h i s t i c a t i o n of the system r u l e base have been 
p r i m a r i l y concerned w i t h f o r m a l i s i n g the observed i n t e r p r e t a t i o n of the 
r e g u l a t i o n s by experienced mariners, i n a manner which w i l l ensure 
s a t i s f a c t o r y r e s o l u t i o n of any encounter s i t u a t i o n . The t h i r d 
c o n s i d e r a t i o n i s again encompassed i n the form of the advice g i v e n i n 
the 'review* window of the system d i s p l a y - c l e a r , concise statements o f 
a c t i o n t o be taken. At present, t h i s i n f o r m a t i o n i s s e l e c t e d as a user 
o p t i o n ; however, a v a r i a n t of the d i s p l a y r o u t i n e ( c r e a t e d f o r the 
v a l i d a t i o n t r i a l s ) shows t h i s advice as i t i s generated by the expert 
system l o g i c . A d d i t i o n of an a u d i b l e alarm, t o sound s h o r t l y before 
a c t i o n i s t o be taken, would be a very simple task. 
One major achievement of t h i s research p r o j e c t i s the design and 
implementation of the expert system ' s h e l l * . This composite s t r u c t u r e , 
combining time-based i n f e r e n t i a l l o g i c , an open-ended framework f o r a 
( s i m i l a r l y time-based) h i e r a r c h i c a l system of ' r u l e s * ( o r d e c i s i o n 
nodes), and an advanced user i n t e r f a c e , has proved w e l l adequate f o r the 
sample a p p l i c a t i o n undertaken. T h i s s h e l l could a l s o prove a p p r o p r i a t e 
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f o r o t h e r c o l l i s i o n avoidance s i t u a t i o n s , e.g. use of autonomous r o b o t i c 
devices i n hazardous environments ( f i r e , r a d i a t i o n , chemical hazards). 
N a t u r a l l y , an a p p r o p r i a t e set of r u l e s would have t o be d e f i n e d f o r any 
such a p p l i c a t i o n , t o be operated by t h i s s h e l l . 
W i t h i n the o p e r a t i o n of t h i s s h e l l , i t has been p o s s i b l e t o develop 
another r a d i c a l concept, t h a t o f look-ahead s i m u l a t i o n . The p r i n c i p l e of 
s i m u l a t i o n w i t h i n the expert system, as a decision-making a i d , has 
proved a necessary and s u f f i c i e n t t o o l f o r the s u c c e s s f u l r e s o l u t i o n of 
encounter s i t u a t i o n s . This technique i s considered t o be an e s s e n t i a l 
f e a t u r e of any e f f i c i e n t c o l l i s i o n avoidance system; as such, i t s 
development must be regarded as a s u b s t a n t i a l advance i n t h i s f i e l d . 
The three phases of v a l i d a t i o n d e t a i l e d i n chapter 9 between them 
c o n s t i t u t e a thorough examination o f the extent t o which the o b j e c t i v e s 
of t h i s research have been achieved. The nature of the p r e s e n t a t i o n o f 
i n f o r m a t i o n , and user i n t e r a c t i o n , has been deemed s a t i s f a c t o r y by 
e x p e r t s - who have a l s o given c o n s t r u c t i v e suggestions as to the form o f 
wording i n c e r t a i n cases; over a very s u b s t a n t i a l number of randomly-
generated encounter s i m u l a t i o n s , avoidance s t r a t e g i e s implemented by the 
expert system have proved e f f e c t i v e i n every case; and the system has 
shown i t s e l f t o be seaworthy. These r e s u l t s c o n s t i t u t e a complete 
v i n d i c a t i o n of the approach taken. Given the expansion p o t e n t i a l 
i n h e r e n t i n the s t r u c t u r e of the system, they support the e x p e c t a t i o n 
t h a t t h i s research forms the basis of a v i a b l e f u l l y o p e r a t i o n a l expert 
system f o r c o l l i s i o n avoidance. 
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The remaining s e c t i o n s of t h i s chapter g i v e c o n s i d e r a t i o n t o p o s s i b l e 
enhancements of the system, as suggested e a r l i e r i n the work, 
11,2. QnfioinR Graphical Display of Ships' Tracks 
The o r i e n t a t i o n of the graphic d i s p l a y has been the subject of a g r e a t 
deal o f thought: head-up or North-up? r e l a t i v e or a b s o l u t e motion shown? 
i f a b s o l u t e , what may be done about the problem o f own-ship u l t i m a t e l y 
disappearing o f f the edge of i t s own d i s p l a y ? 
A head-up d i s p l a y ( i . e . top o f screen = d i r e c t i o n o f t r a v e l f o r own-
s h i p ) b r i n g s w i t h i t a t t e n d a n t problems of r o t a t i o n o f the whole d i s p l a y 
as own-ship manoeuvres. W h i l s t t e c h n i c a l l y f e a s i b l e ( i f c o m p l i c a t e d ) , i t 
seems l i k e l y t h a t such r o t a t i o n might lead t o d i s o r i e n t a t i o n f o r the 
user. North-up has been s e l e c t e d as the p r e f e r r e d o p t i o n (user s e l e c t i o n 
of e i t h e r o p t i o n , as w i t h some radar s , may be a l a t e r enhancement). 
A d i s p l a y of r e l a t i v e motion of hazards would enable own-ship to be 
shown s t a t i c a t the c e n t r e o f the d i s p l a y . However, r e l a t i v e t r a c k s 
present a s e r i o u s l y d i s t o r t e d image of the t r a i n o f events, i n h i b i t i n g 
an o b j e c t i v e a p p r a i s a l o f the s i t u a t i o n . I t was considered t h a t a ' t r u e 
motion* d i s p l a y would a i d i n assessment of the r e l e v a n t f a c t o r s i n the 
encounter. 
The c u r r e n t version of the expert system shows t r u e t r a c k s of v e s s e l s , 
i n c l u d i n g own-ship t r a c k i n g across (and u l t i m a t e l y o f f the s i d e o f ) the 
' t r a c k s ' window. This approach has proved adequate f o r the l i m i t e d time 
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period of one simulated encounter, but would r a p i d l y f a i l - w i t h the 
disappearance of own-ship o f f the si d e o f the d i s p l a y - on a voyage o f 
any d u r a t i o n . Various opt i o n s have t h e r e f o r e been considered t o overcome 
t h i s l i m i t a t i o n . 
One p o s s i b i l i t y i s t o d i s p l a y t r u e t r a c k s of ve s s e l s , but c o n t i n u o u s l y 
s c r o l l the d i s p l a y as necessary t o hold own-ship a t the c e n t r e o f the 
window a t a l l times. This would e f f e c t i v e l y *grow* t he past t r a c k of 
own-ship outward from the ce n t r e of the window, but would a l s o have the 
d i s c o n c e r t i n g e f f e c t of r e l o c a t i n g every o t h e r f e a t u r e d i s p l a y e d (hazard 
t r a c k ( s ) , g r i d , p o s s i b l e f u t u r e developments such as c h a r t f e a t u r e s ) a t 
each time-step. Such a regul a r b l u r r i n g of the d i s p l a y would undoubtedly 
s e r i o u s l y reduce i t s ca p a c i t y f o r c l e a r communication o f r e l e v a n t 
d e t a i l . 
A second o p t i o n , f r e q u e n t l y used i n other computer a p p l i c a t i o n s , i s t h a t 
of ' f u l l screen wraparound*. I n t h i s case, a s h i p t r a c k l e a v i n g t h e area 
a t the top of the screen would reappear a t the corresponding p o s i t i o n a t 
the bottom, and v i c e versa; l i k e w i s e , a t r a c k c r o s s i n g the l e f t o r r i g h t 
edge o f the area would reappear on the other s i d e . 
Although p r e v e n t i n g the loss o f a sh i p ' s t r a c k o f f the edge, t h i s method 
could not be s e r i o u s l y considered t o a i d i n the c l a r i t y of p r e s e n t a t i o n . 
D i s c o n t i n u i t y o f a t r a c k over an edge, coupled w i t h the problems o f a 
*wrapped-around' t r a c k p o s s i b l y using the same window area as a previous 
t r a c k s e c t i o n ( i . e . the same window area r e p r e s e n t i n g two d i f f e r e n t 
regions of sea) render such a s o l u t i o n unacceptable. Even the erasure of 
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t r a c k s e c t i o n s more than, say, 20 minutes o l d does not s a t i s f a c t o r i l y 
address these l i m i t a t i o n s . 
The t h i r d , and most s a t i s f a c t o r y , s o l u t i o n i s a v a r i a n t o f the 
continuous s c r o l l i n g described as the f i r s t o p t i o n . I n t h i s , t h e 
' r o l l i n g road' concept i s a p p l i e d a t i n t e r v a l s t o ensure t h a t own-ship 
i s always w i t h i n the c e n t r e p o r t i o n o f the screen - i . e . never a l l o w e d 
t o s t r a y i n t o the 25% margins of the graphics area. 
Figure 11.1 i l l u s t r a t e s how t h i s p r i n c i p l e may be put i n t o e f f e c t . 
I n i t i a l l y , own-ship i s c e n t r e screen. As the sh i p ' s passage proceeds, 
i t s t r a c k w i l l n a t u r a l l y move towards the 'margins' o f the d i s p l a y area 
( n o t marked on screen) which c o n s t i t u t e the o u t e r 25% o f t h a t area on 
each edge. At the same time, the movement of any o t h e r s h i p ( s ) i n the 
v i c i n i t y w i l l be shown i n the a p p r o p r i a t e r e l a t i v e p o s i t i o n s - a l l t r a c k 
l i n e s showing t r u e motion. 
As own-ship reaches a 'margin', the whole of the d i s p l a y v o . l l be 
t r a n s l a t e d as necessary t o put own-ship back a t the c e n t r e o f the 
d i s p l a y . Thus t r a c k of own-ship, t r a c k ( s ) o f any hazard v e s s e l ( s ) and 
any other d i s p l a y e d f e a t u r e s (e.g. d e t a i l from ECDIS) w i l l be b o d i l y 
s h i f t e d such t h a t shape, o r i e n t a t i o n and r e l a t i v e p o s i t i o n are 
maintained, but own-ship has s u b s t a n t i a l d i s p l a y area a l l around f o r 
f u r t h e r movement. 
This approach w i l l , of course, mean t h a t the t r a c k of a hazard v e s s e l , 








(a) Own—ship approaching top 
edge of boundary region 
(shown do t ted here, but 
unmarked on screen). Two 
hazards, HI and H2, also 




(b) Own —ship reaches upper 
boundary. Hazard ships 
have also nnoved on to 





1 _ J 
(c) On crossing the boundary, 
own —ship has been r e -
located to centre of the 
display area. Both hazard 
vessels have been moved 
f rom their new posi t ions 
to mainta in posi t ioning in 
relation to own -sh ip . 
(Headings are unchanged). 
Figure 11.1 Three stages of "rol l ing sea" display, showing reposit ioning 
when own —ship reaches (non —displayed) boundary. 
page 208 
a l t o g e t h e r . This i s i n keeping w i t h the requirements of the system, 
since such a p o l i c y ensures t h a t a l l vessels w i t h i n f a i r l y c l o s e 
p r o x i m i t y t o own-ship w i l l be preserved on the screen d i s p l a y , and these 
are the o b j e c t s of immediate concern. There are c e r t a i n d e t a i l s which 
r e q u i r e f u r t h e r c o n s i d e r a t i o n - n o t a b l y the d i s c o n t i n u i t y i n t r a c k o f a 
vessel which has ' f a l l e n o f f the d i s p l a y s h o r t l y before such a move, 
and i s brought back onto screen by t h i s process. Various p o s s i b i l i t i e s 
suggest themselves f o r f u r t h e r i n v e s t i g a t i o n a t the a p p r o p r i a t e t i m e . 
The above o u t l i n e o f the ' r o l l i n g sea' approach t o the ongoing d i s p l a y 
c o n t a i n s a d e l i b e r a t e i m p l i c i t a m b i g u i t y . The 'screen d i s p l a y area' 
r e f e r r e d t o may be taken t o mean e i t h e r the window area showing p a r t of 
the t o t a l graphics area at any t i m e , or the t o t a l graphics area i t s e l f ; 
except i n the reduced-scale mode, these two areas are not i d e n t i c a l . I t 
i s probable t h a t the ' r o l l i n g sea' approach would m a i n t a i n own-ship 
w i t h i n margins i n the c u r r e n t window d i s p l a y area, r a t h e r than t h e t o t a l 
g raphics area; however, t h i s a l s o would be given f u r t h e r thought a t the 
t r i a l implementation stage. 
11.3, Extension o f Review Text I n f o r m a t i o n 
The time-based d e c i s i o n process implemented by t h i s expert system b r i n g s 
w i t h i t attendant c o m p l i c a t i o n s r e g a r d i n g the review, or r a t i o n a l e o f 
t h a t d e c i s i o n process. On the one hand, the user r e q u i r e s a b r i e f , c l e a r 
statement o f events l e a d i n g t o the c u r r e n t recommended s t r a t e g y ; on the 
o t h e r , f u l l c o n s i d e r a t i o n of circumstances surrounding any encounter, 
set i n t h e i r temporal c o n t e x t , w i l l r e q u i r e r a t h e r more than t h e p i t h y 
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t e x t s a p p r o p r i a t e t o c r i t i c a l decision-making a t times of s t r e s s . 
The s o l u t i o n envisaged i s a t w o - t i e r review f a c i l i t y . At the f i r s t l e v e l 
( a l r e a d y implemented) a s h o r t statement gives the essence o f each 
d e c i s i o n stage, as p r e v i o u s l y d e s c r i b e d . A f u r t h e r refinement, yet to be 
i n c l u d e d , w i l l provide more i n f o r m a t i o n on each d e c i s i o n process- T h i s 
l a t t e r t e x t w i l l be sent t o the r i g h t - h a n d - s i d e of the review window -
not d i s p l a y e d i n the normal c o n t r a c t e d form of the window. The user w i l l 
thus have the ' b r i e f review on d i s p l a y a t a l l times (once invoked by 
menu s e l e c t i o n ) , but w i l l a l s o have the o p t i o n of s t u d y i n g the d e c i s i o n 
steps i n more d e t a i l e i t h e r by s c r o l l i n g the review window h o r i z o n t a l l y 
( u s i n g the h o r i z o n t a l s c r o l l - b a r c o n t r o l ) or ( p r e f e r a b l y ) by expanding 
t h a t window t o f u l l - s c r e e n w i d t h . T h i s w i l l o b l i t e r a t e the g r a p h i c s 
window f o r the d u r a t i o n , but i t i s not a n t i c i p a t e d t h a t t h i s f a c i l i t y 
would be e x p l o i t e d a t times when the ' t r a c k s ' window i s u r g e n t l y needed. 
The ' t r a c k s ' window w i l l , of course, reappear when the review window i s 
c o n t r a c t e d back to condensed form. 
The space a v a i l a b l e on-screen i n the 'review' window i s adequate f o r the 
t e x t generated i n a s i n g l e two-ship encounter. However, as the system 
deals w i t h more complex encounters, or a succession of encounters, the 
t e x t w i l l a u t o m a t i c a l l y s c r o l l upward, showing the t e x t f o r t h e most 
recent steps at any time. Text for^ previous stages, or p r e v i o u s 
encounters, may be r e c a l l e d by the simple expedient of s c r o l l i n g upwards 
using the v e r t i c a l s c r o l l - b a r c o n t r o l ; s c r o l l i n g downwards reverses the 
process. 
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I t should be immediately apparent t h a t the 'review window' t e x t o b j e c t 
holds w i t h i n i t s memory space a l l of the review t e x t generated i n the 
course of a voyage, or s i m u l a t i o n . By c o n t r a s t , the ' r o l l i n g sea' 
v e r s i o n of the graphics d i s p l a y (see s e c t i o n 11.2) makes no p r e t e n t i o n s 
t o p r e s e r v i n g a l l of the g r a p h i c s i n f o r m a t i o n - any which 'drops o f f the 
edges' i s l o s t . The a l t e r n a t i v e , c o n s e r v a t i o n o f a l l graphics f o r the 
voyage/simulation, r a i s e s a number of c o m p l i c a t i o n s - only one o f which 
i s the amount of memory space r e q u i r e d ! 
The secondary issue which a r i s e s from t h i s i s the continued e x i s t e n c e of 
( l e t t e r - m a r k e d ) t e x t f o r which no corresponding ( l e t t e r - m a r k e d ) t r a c k 
d i s p l a y e x i s t s - once the process of track-window r e l o c a t i o n has 
o b l i t e r a t e d part or a l l of any encounter. This i s not considered a 
problem, and the l e t t e r i n g should be s e l f - e x p l a n a t o r y . The review t e x t 
e s s e n t i a l l y forms a l o g of the 'thought processes' of the system, w i t h 
some i n f o r m a t i o n on the s i t u a t i o n which engendered those thought 
processes. There i s , of course, ample scope f o r r e c o n s i d e r a t i o n of the 
d e t a i l of these proposals as the intended developments are undertaken. 
11.4. On-Line Updating Of The Rule Base 
I t i s a n t i c i p a t e d t h a t the r u l e base w i l l c o n t i n u e t o evolve, 
i n c o r p o r a t i n g an i n c r e a s i n g number of d e c i s i o n nodes and a l t e r n a t i v e 
paths t o accommodate a wider v a r i e t y o f circumstances. However, as 
i n d i c a t e d i n s e c t i o n 3.4, updating of the r u l e s t r u c t u r e i s a t a s k which 
r e q u i r e s much thought and g r e a t care. Any enhancement of the r u l e base 
must be: 
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( a ) thoroughly planned, w i t h due c o n s i d e r a t i o n o f a l l p o s s i b l e 
consequences; 
(b ) c a r e f u l l y implemented, w i t h s t r i c t a t t e n t i o n t o m a i n t a i n i n g the 
i n t e g r i t y o f the e x i s t i n g r u l e s t r u c t u r e ; 
( c ) m e t i c u l o u s l y t e s t e d i n a simulated environment, before use i n 
p r a c t i c e a t sea. 
C l e a r l y , t h e r e i s no question of updating the r u l e base i n a ' l i v e ' 
s i t u a t i o n ( i . e . a t sea). At present, any new r u l e i s coded i n t o the 
a p p r o p r i a t e format and keyed i n t o the ' r u l e s ' f i l e by hand; any new 
boolean f u n c t i o n i s l i k e w i s e added by hand, and l i n k s from e x i s t i n g 
r u l e s adjusted a c c o r d i n g l y . 
Many v a r i a n t s e x i s t of a simple ' l e a r n i n g ' program, which has been 
around s i n c e the e a r l y days o f computers, based on the b i n a r y t r e e 
s t r u c t u r e . This program o f f e r s t o i d e n t i f y an o b j e c t , c r e a t u r e or person 
through the user answering a s e r i e s of questions w i t h * yes/no' answers. 
I f the program i s i n c o r r e c t i n i t s i d e n t i f i c a t i o n o f the o b j e c t / c r e a t u r e 
/person, i t f o l l o w s t h a t the system i s not cognisant o f t h a t e n t i t y . I t 
t h e r e f o r e requests t h a t the user g i v e the name of the e n t i t y they have 
i n mind, and a 'yes/no' question which could be used t o d i s t i n g u i s h i t 
from the i n c o r r e c t response g i v e n . The system then i n c o r p o r a t e s t h i s 
'learned' i n f o r m a t i o n i n t o i t s data f i l e f o r f u t u r e r e f e r e n c e , m o d i f y i n g 
the l i n k s i n the e x i s t i n g t r e e s t r u c t u r e t o i n c o r p o r a t e the new q u e s t i o n 
and a d d i t i o n a l e n t i t y . 
The concept of updating a binary t r e e s t r u c t u r e , s t o r e d i n the form of a 
page 212 
l i n k e d l i s t , i s not new, nor does i t i n v o l v e s u b s t a n t i a l d i f f i c u l t i e s i n 
respect o f programming. The t e c h n i c a l requirement f o r the task envisaged 
i s simply an extension of a w e l l - e s t a b l i s h e d p r i n c i p l e . I n a d d i t i o n , o f 
course, i t i s necessary t o f o r m u l a t e , i d e n t i f y ( l a b e l ) and i n c o r p o r a t e 
any new boolean f u n c t i o n ( s ) which may be r e q u i r e d . 
I t would appear t o t a l l y f e a s i b l e , i n p r i n c i p l e , t o achieve a l l o f t h i s 
through the use of d i a l o g boxes. One such d i a l o g box could be used t o 
scan through the ' r u l e s ' t r e e s t r u c t u r e , l o o k i n g a t va r i o u s nodes and 
i d e n t i f y i n g the break p o i n t a t which a new r u l e should be i n s e r t e d . That 
same box could f a c i l i t a t e the m o d i f i c a t i o n of a p p r o p r i a t e l i n k s , 
s i g n a l l i n g any i n c o n s i s t e n c i e s i n the proposed new arrangement. Another 
d i a l o g box ( o r p o s s i b l y the same box) could enable the i n p u t of a 
boolean d e c i s i o n f u n c t i o n associated w i t h t h i s new r u l e ; t h i s f u n c t i o n 
may r e f e r t o va r i o u s standard parameters (speed, heading, r e l a t i v e 
b e a r i n g of hazard, e t c ) i n any mathematical combination. I t should be 
pos s i b l e t o adopt some form o f s t y l i s e d n o t a t i o n f o r such f u n c t i o n s , t o 
s i m p l i f y t h e i r c o n s t r u c t i o n ; mouse-selection o f parameters from a l i s t 
of those a v a i l a b l e would e l i m i n a t e any p o t e n t i a l e r r o r s due t o mis-
s p e l l i n g or i n c o r r e c t usage. 
I t might also be a p p r o p r i a t e , as a f i n a l measure, t o provide a f a c i l i t y 
t o ' s i n g l e - s t e p ' through the r u l e base. Used i n c o n j u n c t i o n w i t h a 
f a c i l i t y t o set-up any r e q u i r e d t e s t s i t u a t i o n , t h i s d i a g n o s t i c a i d 
would enable c a r e f u l a n a l y s i s o f the consequences o f any m o d i f i c a t i o n s . 
Such a d i a g n o s t i c could w e l l be supported by the p r o v i s i o n of a p r i n t e d 
2-dimensional schematic of the new r u l e base. 
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11,5, ManoeuvrinR Models For Hazard Vessels 
As i n d i c a t e d i n s e c t i o n 4.4, i t i s a n t i c i p a t e d t h a t b e n e f i t s may be 
d e r i v e d from h o l d i n g a * l i b r a r y ' of standard s h i p types, w i t h t h e i r 
associated manoeuvring c h a r a c t e r i s t i c s . I t should then be p o s s i b l e , i n 
some circumstances, f o r the system o p e r a t o r t o i d e n t i f y a p o t e n t i a l 
hazard vessel as f i t t i n g one o f those t y p e s ; the c h a r a c t e r i s t i c s o f t h a t 
vessel could then be i n c o r p o r a t e d by the system l o g i c i n t o the d e c i s i o n -
making process. S p e c i f i c vessel types (such as dredgers and f i s h i n g 
vessels) are given s p e c i a l c o n s i d e r a t i o n under the c o l l i s i o n avoidance 
r e g u l a t i o n s ; the system r u l e base could be extended t o acknowledge such 
p r i o r i t y t reatment. More g e n e r a l l y , an understanding of the manoeuvring 
c a p a b i l i t y of a hazard vessel would a l l o w more informed d e c i s i o n s as t o 
the t i m i n g and a c t i o n r e q u i r e d i n an emergency manoeuvre. 
A f a c i l i t y could be provided whereby a d i a l o g box may be invoked by the 
operator, l i s t i n g the various vessel types f o r which manoeuvring d e t a i l s 
are h e l d . The user could then a s s o c i a t e any one o f those types w i t h any 
hazard vessel c u r r e n t l y under o b s e r v a t i o n , a l l o w i n g the system t o apply 
the r e f i n e d 'judgement' described above ( t h i s presupposes a d e f a u l t 
o p t i o n - standard s e t of c h a r a c t e r i s t i c s - t o be used by the system i n 
the absence o f any such user i n t e r v e n t i o n ) . 
A f u r t h e r stage of refinement, where the system may a u t o m a t i c a l l y 
i d e n t i f y a vessel type from i t s observed behaviour, may be a p o s s i b i l i t y 
f o r the f u t u r e , but i s too s p e c u l a t i v e t o be s e r i o u s l y considered as a 
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p o s s i b l e development a t the c u r r e n t t i m e , 
11.6. Coastal and N a v i g a t i o n a l Features 
Section A.3 considers i n some d e t a i l the i n f o r m a t i o n a l requirements of 
a computer-based c o l l i s i o n avoidance system i n respect of n a v i g a t i o n a l 
c h a r t data. The p r o v i s i o n of such i n f o r m a t i o n , i n a usable form, i s 
ou t s i d e the scope o f t h i s research p r o j e c t . However, i n c l u s i o n o f c h a r t 
data i n the decision-making process i s a major c o n s i d e r a t i o n f o r such a 
system, and one which has been given much thought i n t h i s work. I t 
should be noted t h a t : 
( a ) no computer-based c o l l i s i o n avoidance system can be f u l l y e f f e c t i v e 
i n c o a s t a l waters w i t h o u t recourse t o a w e l l - s t r u c t u r e d e l e c t r o n i c 
d i g i t a l c h a r t database; 
( b ) i n the c o n t i n u a t i o n of t h i s work, every e f f o r t i s being made t o 
provide c o n s t r u c t i v e i n p u t t o the f o r m u l a t i o n of standards 
and s t r u c t u r e f o r such a database; 
( c ) once such a database i s a v a i l a b l e , the l i n k s are already i n place 
w i t h i n t h i s expert system t o i n c o r p o r a t e such data i n t o the 
d e c i s i o n process. 
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MATHEMATICAL CONSIDERATIONS IN AVOIDANCE MANOEUVRING 
"Let no one i g n o r a n t of mathematics e n t e r here." 
Pl a t o (429 - 3A7 BC) 
I n s c r i p t i o n w r i t t e n over the entrance t o the Academy. 
B i o g r a p h i c a l Encyclopedia ( I . A s i m o v ) . 
A . l . Time-to-RO Before Projected Domain I n f r i n g e m e n t 
Figure A.l shows a t a r g e t vessel a t the ce n t r e o f a domain, r a d i u s D. 
Another vessel (own-ship) i s approaching on a r e l a t i v e heading i n d i c a t e d 
by the green l i n e , marked C; C i s t h e e f f e c t i v e c l o s i n g d i s t a n c e on t h a t 
heading. This l i n e makes an angle V w i t h the displacement v e c t o r , R, 
whose l e n g t h represents the c u r r e n t range between the two vessels. 
I f V > 90 degrees 
or D > R * s i n ( V ) 
then own-ship's r e l a t i v e heading does not i n t e r s e c t the domain around 
the t a r g e t , i . e . t h e r e i s no r i s k o f domain i n f r i n g e m e n t . 
Otherwise, time-to-go = C / S 
where S i s speed o f own-ship r e l a t i v e t o hazard. 
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Figure A.I Assessment of likelihood of domain 
infringement and calculation of 
time—to—go to infringement. 
0) 
R: Range (Displacement vector) 
D: Domain radius 
Effective closing distance (Range to domain) 
on relative heading 
Separation angle between displacement vector 
and relative velocity vector. 
A.2. OvertakinR From Starboard Side 
Figure A.2 i l l u s t r a t e s a s i t u a t i o n i n which own-ship i s approaching a 
t a r g e t vessel from an o v e r t a k i n g p o s i t i o n on the s t a r b o a r d q u a r t e r . The 
a c t i o n taken w i l l depend on v a r i o u s mathematical c o n s i d e r a t i o n s . 
( i ) ( a ) I s own-ship set t o pass ahead i n i t i a l l y ? 
( I . e . does V c u t T2 ahead of hazard vessel?) 
(b ) Are the two vessels on moderately n e a r - p a r a l l e l courses? 
( I . e . i s 10 degrees < angle A < 30 degrees?) 
I f e i t h e r ( a ) or ( b ) i s not so, a l t e r t o p o r t and pass behind. 
( i i ) I f own-ship is^ set t o pass ahead on a n e a r - p a r a l l e l course, and 
t u r n s t o p a r a l l e l - u p , w i l l i t c l e a r t h e domain? 
I. e . i s L - d > domain radius? 
( where d = C * ( 1 - c o s ( A ) ) ) 
I f so, p a r a l l e l - u p and pass ahead. 
Otherwise, a l t e r t o p o r t and pass behind. 
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11: Initial track of own-ship 
12: Track of hazard vessel 
L: Initial lateral separation (based on T2) 
Range (displacement vector) 
Relative course of own—ship WRT hazard 
Turning circle radius 
Decrease in lateral separation, due to turn 
Closing angle for tracks of two ships 
Separation angle between T2 and 
relative velocity vector for own—ship 







Figure A.2 Calculation of viability of parallel-up for overtaking from starboard quarter 
A.3. A n a l y t i c a l Approach t o Stages o f a Manoeuvre 
( f o r e v a l u a t i o n of POMT - see s e c t i o n 6.3) 
A.3.1. I n i t i a l Turn 
The i n i t i a l t u r n to remove the t h r e a t o f domain i n f r i n g e m e n t must be a t 
l e a s t the maximum o f : 
( i ) t u r n r e q u i r e d t o c l e a r domain (A + B i n f i g , A . 3 - A being n e g a t i v e 
i f own-ship i s i n i t i a l l y set t o pass behind h a z a r d ) , and 
( i i ) 'minimum t u r n * as r equired by c o l l i s i o n avoidance r e g u l a t i o n s 
( s u b j e c t i v e l y i n t e r p r e t e d by m a riners, set as a parameter i n t h i s 
e xpert system). 
A f u r t h e r e xtent of t u r n may be r e q u i r e d by p a r t i c u l a r r u l e s , to 
s a t i s f y s i t u a t i o n - s p e c i f i c requirements. 
As p r e v i o u s l y s t a t e d , the domain may be considered t o encompass e i t h e r 
own-ship or the hazard v e s s e l , whichever i s more expedient 
mathematically - e i t h e r o p t i o n ensures the r e q u i r e d s e p a r a t i o n between 
the two vessels. I n t h i s case (as i n most) i t i s convenient t o envisage 
the domain surrounding the hazard v e s s e l . 
I t i s then necessary t o consider whether the domain c i r c l e around the 
hazard vessel i n t e r s e c t s own-ship's t u r n i n g curve as the two s h i p s pass 
each o t h e r ; i f so, i s own-ship on the i n t e r s e c t e d arc of the t u r n i n g 








Range (displacement vector) 
Angle between own-ship's course relative to 
hazard and bearing of hazard from own-ship 
Arcsin(D/R) 
(A-fB) Turn required to clear domain 
Figure A.3 Calculation of initial turn required to clear domain 
This question may be r e s t a t e d as f o l l o w s : 
( i ) a t the commencement of the t u r n , does the p r o j e c t e d t u r n i n g curve 
i n t e r s e c t the c u r r e n t domain c i r c l e around the hazard vessel? 
With reference t o f i g , A.4: 
T = d i s t a n c e between hazard and c e n t r e o f t u r n i n g c i r c l e 
I f T < C + D 
then t u r n i n g curve i n t e r s e c t s i n i t i a l domain p o s i t i o n . 
( i i ) ( a ) i f the answer t o ( i ) i s YES: does t h a t domain c i r c l e become 
t a n g e n t i a l t o .the t u r n i n g curve ( i . e . c l e a r the t u r n i n g c u r v e ) a t a 
p r i o r time to own-ship reaching t h a t t a n g e n t i a l p o i n t on the 
t u r n i n g curve? (Since the hazard's p r o j e c t e d path i s a s t r a i g h t 
l i n e , such a t a n g e n t i a l p o i n t i s known t o e x i s t ) . 
I . e . Time taken f o r M < Time taken f o r S ? (on f i g . A.5) 
I f so, the domain i s c l e a r e d , o therwise the domain i s i n f r i n g e d . 
( b ) I f the answer t o ( i ) i s NO: does the hazard's path cause the 
domain c i r c l e around the hazard t o i n t e r s e c t own-ship's t u r n i n g 
curve (two t a n g e n t i a l p o s i t i o n s ) or miss i t ? (Sine r u l e g i v e s two 









Hazard ship s position 
Centre of turning circle 
Range (displacement vector) 
Radius of turning circle 
Domain radius 
Initial heading of own-ship 
Bearing from own-ship of 
turning circle centre (A- fp i /2 ) 
Figure A.4 Check whether initial turn intersects hazard's initial domain position 
Course of 






Hazard ship s position 
turning circle Centre of 
Radius of turning circle 
Domain radius 
Course followed by own-ship 
Section of hazard's track for 
which domain intersects 
turning arc 
Figure A.5 Check whether hazard's domain clears turning curve 
before Infringement by own-ship. 
^lH??!^s t rack 
S ta r t of r • 
turn 
Figure A.6 C h e c k whether o w n - s h i p Infringes h a z a r d ' s domain a s 
that domain t rans i t s o w n - s h i p ' s turning curve. 
I f the l a t t e r , no domain i n f r i n g e m e n t i s a n t i c i p a t e d and ovm-ship 
i s c l e a r to go. 
I f the f o r m e r , i s own-ship on the t u r n i n g c u r v e between those two 
t a n g e n t i a l p o i n t s a t any time w h i l s t the domain i s t r a n s i t i n g t h a t 
c u r v e ? (See f i g . A.6), 
I . e . i s Time taken f o r Ml < Time taken f o r S I 
and Time taken f o r M2 > Time taken f o r S2 ? 
I f so, the domain i s i n f r i n g e d a t some s t a g e ; 
o t h e r w i s e , no domain i n f r i n g e m e n t , own-ship i s c l e a r to go. 
Together, these c r i t e r i a may be used to a s c e r t a i n whether the p r o j e c t e d 
t u r n i n g curve a t any time t a k e s own-ship w i t h i n the domain c i r c l e around 
the hazard v e s s e l : i f so, the manoeuvre must be r e j e c t e d a s n o n - v i a b l e ; 
i f not, time and v e s s e l d i s p l a c e m e n t s may be c a l c u l a t e d f o r the r e q u i r e d 
i n i t i a l turn a s d e f i n e d e a r l i e r . The s i m u l a t i o n then hands c o n t r o l back 
to the r u l e base, i n c a s e the p r e v a i l i n g r u l e r e q u i r e s a g r e a t e r e x t e n t 
of turn f o r any r e a s o n . The ensuing s t r a i g h t - l i n e s e c t i o n may then be 
c a l c u l a t e d , a s d e s c r i b e d below. 
A.3.2. S t r a i g h t L i n e S e c t i o n 
C o n s i d e r a t i o n of a curved t r a c k from the point of view of r e l a t i v e 
motion r a i s e s problems, due to the consequent d i s t o r t i o n of t h a t t r a c k ; 
hence the use of a b s o l u t e motion (and the l e s s e r problem of two 
i n t e r a c t i n g motions) i n A.3.1 above. By c o n t r a s t , s t r a i g h t l i n e motion 
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y i e l d s e a s i l y to treatment i n r e l a t i v e terms, and e n a b l e s one o f the 
o b j e c t s under c o n s i d e r a t i o n to be h e l d s t a t i c f o r c a l c u l a t i o n purposes. 
Consequently the s t r a i g h t - l i n e s e c t i o n of the s i m u l a t e d manoeuvre i s 
c a l c u l a t e d w i t h the hazard v e s s e l ( + s u r r o u n d i n g domain) h e l d s t a t i c , 
and motion of own-ship c o n s i d e r e d r e l a t i v e to t h i s . 
F i g u r e A.7 i l l u s t r a t e s the requirement f o r the f i n a l ( r e l a t i v e ) c o u r s e 
to c l e a r the ( s t a t i c ) domain around the hazard v e s s e l . T h i s i n t u r n 
d e f i n e s the d i s t a n c e to be covered on the s t r a i g h t l i n e s e c t i o n of the 
a l t e r e d course - without a l l o w a n c e , i n i t i a l l y , f o r the p o r t i o n c o v e r e d 
by the t u r n i n g c u r v e t a k i n g own-ship back onto i t s o r i g i n a l heading. 
I t i s then n e c e s s a r y to c o n s i d e r the t u r n i n g c u r v e r e q u i r e d to e f f e c t 
t h i s stage of the manoeuvre, and whether domain i n f r i n g e m e n t o c c u r s 
during that second t u r n . For t h i s purpose i t i s n e c e s s a r y to a g a i n 
c o n s i d e r a b s o l u t e motion; note a l s o t h a t t h i s 'minimum' s t r a i g h t l i n e 
s e c t i o n r e f e r r e d to above w i l l be reduced by t h a t p o r t i o n taken up by 
the f i r s t h a l f of the t u r n i n g c u r v e . Only the v i a b i l i t y of t h i s t u r n i s 
of concern here, not i t s consequences i n terms of f i n a l v e s s e l p o s i t i o n s 
and speeds or time of c o m p l e t i o n . 
I f the t u r n i n g curve does not i n t e r s e c t the i n i t i a l p o r t i o n of the 
domain around the hazard v e s s e l ( i . e . a t the s t a r t of the t u r n back onto 
c o u r s e ) then domain infr i n g e m e n t cannot occur, s i n c e by d e f i n i t i o n the 
hazard i s moving away from t h a t t u r n . O t h e r w i s e , the motion of the 
domain around the hazard must be compared ( i n t i m e ) w i t h the motion of 





straight- l ine section of \ / ^ ^ 
nnonoeuvre (including port 
which will, at next stage of / \ 
calculation, be incorporated ^^'K^v \ 
into turn back onto course). 
^ Hazard \ / 
Own —ship 
Figure A.7 Identification of appropriate point for turning bock onto original course 
after straight- l ine section to clear domain around hazard vessel. For 
such a decision, relative velocity of own-ship may be used (considering 
hazard as static), since turning curve is not involved at this stage. 
p o i n t of t a n g e n t i a l c o n t a c t between domain and t u r n i n g curve b e f o r e the 
domain c l e a r s t h a t p o i n t of c o n t a c t , then domain i n f r i n g e m e n t w i l l o c c u r 
- o t h e r w i s e the domain w i l l not be i n f r i n g e d . 
I f the s t r a i g h t l i n e s e c t i o n a s o r i g i n a l l y c a l c u l a t e d does not l e a d to 
c l e a r a n c e of the domain, then an increment i s added and the t e s t f o r 
v i a b i l i t y r epeated - u n t i l a s u c c e s s f u l ( t h e o r e t i c a l ) r e t u r n to c o u r s e 
i s a c h i e v e d . T h i s p r o c e s s y i e l d s the r e q u i r e d s t r a i g h t l i n e s e c t i o n f o r 
the manoeuvre ( s u b j e c t to the p r o v i s o f o l l o w i n g ) , and thus the time and 
p o s i t i o n of both v e s s e l s a t the end of t h a t s e c t i o n , f o r the purposes of 
c a l c u l a t i n g the c o s t f u n c t i o n . As w i t h the i n i t i a l t u r n , c e r t a i n 
c i r c u m s t a n c e s may r e q u i r e an extended s t r a i g h t l i n e s e c t i o n ; f o r t h i s 
reason, a f t e r the above c a l c u l a t i o n , c o n t r o l i s handed back to t h e r u l e 
base to a l l o w such f u r t h e r e x t e n s i o n i f r e q u i r e d by the r e l e v a n t r u l e , 
b e f o r e c a l c u l a t i o n of the c o s t f u n c t i o n . 
The above mathematical treatment of t h e s e two s e c t i o n s of a manoeuvre, 
though i n t r i c a t e , compares f a v o u r a b l y w i t h r e p e a t e d a p p l i c a t i o n of the 
r u l e s t r u c t u r e to *step* own-ship through a h y p o t h e t i c a l manoeuvre. T h i s 
s a v i n g , m u l t i p l i e d by the number of look-ahead s i m u l a t i o n s e v a l u a t e d f o r 
a s i n g l e manoeuvre, makes the concept of m u l t i p l e look-ahead s i m u l a t i o n , 
and thus the POMT, a f e a s i b l e p r o p o s i t i o n w i t h the p r o c e s s i n g power 
c u r r e n t l y a v a i l a b l e . 
The f i r s t approach to the above a n a l y s i s t a s k i n v o l v e d a p p l i c a t i o n of 
standard trigonometry and c i r c l e geometry; t h i s appeared to s a t i s f y the 
requirements f o r a l l s i m u l a t e d sample e n c o u n t e r s . However, as i n d i c a t e d 
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i n s e c t i o n 9.1, random s i m u l a t i o n of a l a r g e number of encounters showed 
up l i m i t a t i o n s to t h i s approach, the g e n e r a l i t y of the mathematics being 
l i m i t e d by i m p l i c i t assumptions i n the geometry i n v o l v e d . As a r e s u l t of 
t h a t o b s e r v a t i o n , t h i s form of a n a l y s i s was r e p l a c e d by a v a r i a n t o f the 
i t e r a t i v e b i n a r y h a l v i n g p r o c e s s . T h i s p r o c e s s i n v o l v e s c a l c u l a t i o n of 
the range between the two v e s s e l s : ( a ) a t the s t a r t of the manoeuvre; 
( b ) a t the end of the manoeuvre; and ( c ) a t t h r e e i n t e r m e d i a t e p o s i t i o n s 
e q u a l l y spaced i n time. The time g i v i n g the l e a s t range i s i d e n t i f i e d , 
and the t i m e - s t e p s to e i t h e r s i d e of t h i s a r e taken as the l i m i t s f o r 
the next s t a g e of the i t e r a t i o n . T h i s p r o c e s s i s repeated u n t i l e i t h e r 
the range f a l l s w i t h i n the domain r a d i u s ( i . e . domain i n f r i n g e m e n t ) or 
the t i m e - i n t e r v a l becomes too s m a l l f o r domain infri n g e m e n t to be 
p o s s i b l e a t c u r r e n t speeds. T h i s approach makes no s p e c i f i c assumptions 
r e g a r d i n g the geometry i n v o l v e d , and has proved t o t a l l y e f f e c t i v e over 
one thousand randomly-simulated e n c o u n t e r s a s documented i n s e c t i o n 9.1. 
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APPENDIX B 
RESEARCH VESSELS USED FOR SEA TRIALS 
S i n c e September 1990, the Marine Dynamics R e s e a r c h Group a t P o l y t e c h n i c 
South West has been engaged i n c o l l a b o r a t i v e r e s e a r c h w i t h B r i t a n n i a 
Royal Naval C o l l e g e , Dartmouth. The c o l l e g e m a i n t a i n s a number of n a v a l 
p i c k e t boats f o r t r a i n i n g i n s m a l l v e s s e l h a n d l i n g , l e a r n i n g e lementary 
n a v i g a t i o n and p r a c t i c e i n a p p l i c a t i o n of the r u l e s f o r i n s h o r e 
n a v i g a t i o n . One of t h e s e v e s s e l s , p i c k e t boat 9, has been equipped w i t h 
i n s t r u m e n t a t i o n and s e n s o r s to f a c i l i t a t e the u n d e r t a k i n g of t h i s j o i n t 
r e s e a r c h p r o j e c t . BRNC has, from time to time, g e n e r o u s l y made t h i s 
v e s s e l a v a i l a b l e ( w i t h support crew) f o r a s s o c i a t e d work, such as the 
r e s e a r c h d e s c r i b e d i n t h i s t h e s i s . As s t a t e d i n s e c t i o n 9.3, a n o t h e r 
such v e s s e l ( p i c k e t boat 5 ) has s i m i l a r l y been made a v a i l a b l e i n 
c i r c u m s t a n c e s where a second v e s s e l has been r e q u i r e d a s a t a r g e t . 
P i c k e t boat 9 i s a twin-screw, twin rudder 13 metre v e s s e l , w i t h a 
standard h u l l form (making i t s u i t a b l e f o r hydrodynamic m o d e l l i n g i n 
f u t u r e developments of t h i s work). I t i s f i t t e d w i t h a Kelvin-Hughes 
Concept HR3000A ARPA, the d i s p l a y f o r which i s mounted to the s t a r b o a r d 
s i d e of the b r i d g e ( s e e f i g , 9 . 6 ( b ) ) . Workspace and mains power a r e 
a v a i l a b l e a d j a c e n t to t h i s u n i t , p r o v i d i n g an i d e a l s i t e f o r the 
Archimedes-based e x p e r t system ( s e e f i g . 9 . 6 ( a ) ) . The scanner f o r the 
ARPA i s p o s i t i o n e d 1 metre above the b r i d g e roof a f f i x e d to a s t e e l 
t r i p o d ( s e e f i g . 9 . 7 ( a ) ) , p l a c i n g i t some 3.5 metres above t h e w a t e r -
l i n e . 
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P i c k e t boat 9 i s a l s o equipped w i t h a f l u x gate compass, o p t i m a l l y 
p o s i t i o n e d to e l i m i n a t e r o l l and p i t c h components of motion and r e c o r d 
only the yaw component. A G l o b a l P o s i t i o n i n g System (GPS) r e c e i v e r i s 
f i t t e d to a b r a c k e t on the c e i l i n g of the b r i d g e , above the c h a r t t a b l e . 
I t i s thus i d e a l l y placed f o r st a n d - a l o n e readout, and a l s o f o r p o s s i b l e 
f u t u r e i n t e r f a c i n g to a computer system. 
S e n s o r s a r e mounted a d j a c e n t to both d r i v e s h a f t s , on a bulkhead which 
o f f e r s a good f i r m b a s i s f o r r e l i a b l e r e a d i n g s . At the commencement of 
the j o i n t r e s e a r c h p r o j e c t , the v e s s e l was out of the water being 
r e f i t t e d w i t h new en g i n e s ; t h i s a l s o o f f e r e d the i d e a l o p p o r t u n i t y to 
f i t a paddlewheel l o g to an a p p r o p r i a t e p o s i t i o n on the h u l l . I t i s 
a n t i c i p a t e d t h a t the readouts from t h e s e s e n s o r s c o u l d a l l be used a s 
i n p u t s to shipboard computer systems such a s the c o l l i s i o n a voidance 
system d e s c r i b e d i n t h i s t h e s i s . 
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A p r o t o t y p e e x p e r t s y s t e m has been d e v e l o p e d , 
i n c o r p o r a t i n g t h e I n t e r n a t i o n a l R u l e s f o r P r e v e n t i n g 
C o l l i s i o n s a t Sea and t h e c o n t r o l / r e s p o n s e c h a r a c t e r -
i s t i c s o f o w n - s h i p - t h e s e l a t t e r p a r a m e t e r s b e i n g 
v a r i e d t o model d i f f e r e n t v e s s e l s . The k n o w l e d g e 
base a l s o c o n t a i n s i n f o m u t i o n on o w n - s h i p ' s p o s i t i o n 
and v e l o c i t y , t o g e t h e r w i t h t h e c o r r e s p o n d i n g 
i n f o r n a t i o n f o r t h e p e r c e i v e d h a z a r d s . Frots t h i s , 
C h e s y s t e m i s a b l e t o e v a l u a t e t h e t h r e a t p o s e d b y a 
h a z a r d , w i t h r e f e r e n c e t o t h e c o n c e p t s o f d o m a i n and 
'range t o d o i u i n o v e r r a n g e r a t e ' (RDRR) . The e x p e r t 
s y s t e m t h e n s e l e c t s t h e b e s t c o u r s e o f a c t i o n and 
a d v i s e s t h e o p e r a t o r a c c o r d i n g l y . The s i t u a t i o n i s 
r e - e v a l u a t e d a t r e g u l a r i n t e r v a l s , and new a d v i c e g i v e n 
as n e c e s s a r y . 
The e x p e r t s y s t e m has been w r i t t e n i n t h e 'C' 
pr o g r a m r a i n g l a n g u a g e , on a m i c r o c o m p u t e r s y s t e m c a p a b l e 
o f o p e r a t i n g i n r c a l - t i n e o n b o a r d s h i p . T he t n i c r o -
compucer u s e d has t h e c a p a c i t y f o r i n f o r m a t i o n i n p u t 
d i r e c t l y f r o m t h e v a r i o u s s e n s o r d e v i c e s a v a i l a b l e . 
The p r i m e o b j e c t i v e o f t h i s w o r k i s t o p r o v i d e an 
e x p e r t a d v i s o r f o r m a r i n e r s , c a p a b l e o f r e c e i v i n g 
s e n s o r y i n p u t f r o m a l l a v a i l a b l e c h a n n e l s - i n c l u d i n g 
i n f o r m a t i o n p r o v i d e d by t h e o p e r a t o r v i a a k e y b o a r d -
and a d v i s i n g on t h e p r e f e r r e d c o u r s e o f a c t i o n . 
D e v e l o p m e n t o f t h i s s y s t e m has n e c e s s i t a t e d a f a c i l i t y 
w h e r e b y t h e e x p e r t s y s t e m may be i n t e r r o g a t e d t o 
a s c e r t a i n t h e r e a s o n s f o r i t s d e c i s i o n s : t h i s i s c o n -
s i d e r e d t o be a u s e f u l t r a i n i n p , a i d . 
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1 . irrrRODucTiON 
C o n v e n t i o n a l c o m p u t e r s i m u l a t i o n s oC m a r i n e 
t r a f f i c a r c acWnoulodgcd t o be o f c o n s i d e r a b l e b e n e f i t 
i n b r o a d e n i n g t h e e x p e r i e n c e o f t r a i n e e M r i n e r s . 
Such s i m u l a t i o n s a r c a l s o r e c o g n i s e d t o be u e l l -
s u i t c d t o m o d e l l i n g t r a f f i c f l o w a l o n g r o u t i n g 
s y s t c n s , and t h u s d e n o n s t r a t i n g t h e l i k e l y e f f e c t s 
on such r o u t e s o f changes i n t r a f f i c v o l u m e , i n t r o -
d u c t i o n o f a f i x e d o r f r e e - m o v i n g h a z a r d i n t o t h e 
t r a f f i c l a n e s , o r o t h e r v a r i a t i o n i n c o n d i t i o n s . 
However, b y t h e i r n a t u r e s u c h s i m u l a t i o n s g e n e r a l l y 
r e l y on a s i m p l i f i e d , m e c h a n i s t i c a p p r o a c h t o t h e 
d e c i s i o n - m a k i n g p r o c e s s i n t w o - s h i p o r m u l t i - s h i p 
e n c o u n t e r s . 
What i s r e q u i r e d i s an ' i n t e l l i g e n t ' r e s p o n s e 
s y s t e m , c a p a b l e o f e v a l u a t i n g s u c h an e n c o u n t e r 
between t w o o r more v e s s e l s f r o m t h e s t a n d p o i n t o f 
an e x p e r i e n c e d o i a r i n c r , and t a k i n g a p p r o p r i a t e 
a c t i o n . Such a s y s t e m , o n b e i n g p r o v i d e d w i t h t h e 
i n f o r n a t i o n n o r m a l l y a v a i l a b l e on t h e b r i d g e o f a 
w e l l - e q u i p p e d s h i p , s h o u l d d i r e c t t h e c o u r s e o f 
a c t i o n o f t h a t v e s s e l as w o u l d a c o m p e t e n t m a r i n e r . 
T h i s i n v o l v e s : 
( a ) R e c o g n i s i n g an e n c o u n t e r ( p o t e n t i a l h a z a r d ) 
s i t u a t i o n i n good t i m e ; 
( b ) I d e n t i f y i n g t h e t y p e o f e n c o u n t e r , and t h e s t a t u s 
o f one's own v e s s e l ( o w n - s h i p ) i n t h a t e n c o u n t e r , 
a c c o r d i n g t o t h e I n t e r n a t i o n a l R u l e s f o r P r e -
v e n t i n g C o l l i s i o n s a t Sea - such s t a t u s w o u l d 
n o r m a l l y be e i t h e r ' s t a n d - o n ' ( h a v i n g r i g h t o f 
way) o r ' g i v e - w a y ' , a c c o r d i n g t o one's p o s i t i o n 
r e l a t i v e t o t h e o t h e r v e s s e l , and o t h e r r e l e v a n t 
f a c t o r s ; 
( c ) C h o o s i n g a c o u r s e o f a c t i o n w h i c h c o m b i n e s a 
s e n s i b l e s a f e t y m a r g i n w i t h t h e l e a s t p r a c t i c a b l e 
i n c o n v e n i e n c e ( w h e r e o w n - s h i p i s j u d g e d t o be 
s t a n d - o n , t h i s w i l l - i n i t i a l l y a t l e a s t - mean 
no a l t e r a t i o n o f c o u r s e ) ; 
( d ) M a i n t a i n i n g a w a t c h i n g b r i e f on t h e o t h e r 
v e s s e l ( s ) i n t h e e n c o u n t e r , and b e i n g r e a d y t o 
t a k e a v o i d i n g a c t i o n i f n e c e s s a r y , s h o u l d t h e 
s i t u a t i o n change 
C l e a r l y i m p l i c i t i n t h i s 'seaway code* i s t h e 
u n d e r s t a n d i n g t h a t any o t h e r v e s s e l e n c o u n t e r e d w i l l 
be assumed t o be ' w e l l - b e h a v e d ' u n t i l p r o v e d o t h e r -
w i s e , b u t t h a t an i d e n t i c a l p e r c e p t i o n o f , and 
r e a c t i o n t o , t h e e n c o u n t e r by t h e m a s t e r o f a n o t h e r 
v e s s e l c a n n o t be t a k e n f o r g r a n t e d . I t i s a l s o 
i r a p e t a t i v c a l w a y s t o a d o p t a g i v e - w a y s t a n c e i n 
r e l a t i o n t o any h a z a r d o t h e r t h a n a n o t h e r v e s s e l 
u n d e r c o n t r o l , f o r example a d e r e l i c t o r a r o c k ; 
An i n t e l l i g e n t s y s t e m o f t h e s o r t d e s c r i b e d i s 
c u r r e n t l y u n der d e v e l o p m e n t , w i t h a v i e w t o p r o -
v i d i n g a m i c r o c o m p u t e r -based on - b o a r d f a c i l i t y 
w h i c h w o u l d a c t i n t h e r o l e o f E x p e r t A d v i s e r t o 
t h e man o n t h e b r i d g e . T h i s E x p e r t S y s t e m w o u l d 
r e c e i v e s e n s o r y i n p u t r e l a t i n g t o o w n - s h i p and any 
v e s s e l s o r o t h e r o b j e c t s w i t h i n r a n g e , and p r o v i d e 
a d v i c e on t h e p r e f e r r e d c o u r s e o f a c t i o n a t eac h 
s t a g e i n an e n c o u n t e r ; on r e q u e s t , t h e s y s t e m w o u l d 
e x p l a i n i t s a d v i c e i n t e r m s o f t h e d e c i s i o n s 
i n v o l v e d . Development i s c u r r e n t l y a t t h e ' e a r l y 
p r o t o t y p e ' s t a g e . 
2. THE PROTOTVPE 
At i t s c u r r e n t s t a g e o f d e v e l o p m e n t , t h e s y s i e n 
d e a l s w i t h opcn-sca e n c o u n t e r s ( n o t i n r e s t r i c t e d 
c h a n n e l s o r r o u t i n g s y s t e m s , no f i x e d o b s t a c l e s ) 
between t w o manned v e s s e l s m o v i n g s u b j e c t t o f a i r l y 
i d e a l i s e d p a r a m e t e r s . The r u l e base ( d c c i s i o n -
n a k i n g l o g i c ) f o r t h e s y s t e m i s f i x e d , c o n s i s t i n g o f 
r u l e s f o r : 
( a ) I d e n t i f y i n g t h e p r e s e n c e o f a p o c c n t i a l h a z a r d , 
and a s s e s s i n g d e g r e e o f t h r e a t i n t e r r a s o f 
e x p e c t e d t i m e t o c o l l i s i o n o r n e a r - m i s s - t h i s 
t i m e f a c t o r i s c e n t r a l t o t h e d e c i s i o n o n w h e n t o 
t a k e a v o i d i n g a c t i o n , i f n e c e s s a r y ; 
( b ) I d e n t i f y i n g t h e t y p e o f e n c o u n t e r , i n c l u d i n g 
s e v e r a l v a r i a n t s i n some c a s e s ( t h e p r i m a r y t y p e s 
o f e n c o u n t e r b e i n g h e a d - o n , c r o s s i n g , and o v e r -
t a k i n g ) , and f i x i n g t h e s t a t u s o f o w n - s h i p and 
p e r c e i v e d s t a t u s o f h a z a r d - s h i p i n t h e e n c o u n t e r ; 
( c ) N e g o t i a t i n g t h e s t a g e s o f t h e e n c o u n t e r , w i t h due 
r e g a r d f o r a p p r o p r i a t e s a f e t y m a r g i n s . 
The c o m p u t e r p r o g r a m f o r t h i s p r o t o t y p e s y s t e m 
e f f e c t i v e l y p e r f o r m s t h r e e f u n c t i o n s : f i r s t , i t 
p r o v i d e s a r e f e r e n c e f o r d e c i s i o n - s t a k i n g f o r o w n - s h i p ; 
s e c o n d , i t has t o p r o v i d e s i m u l a t e d d a t a f o r o w n - s h i p , 
d a t a w h i c h w i l l u l t i m a t e l y be a c q u i r e d t h r o u g h s e n s o r s 
f r o n i n s t r u m e n t a t i o n o n - b o a r d s h i p ; t h i r d , i t h a s t o 
s i m u l a t e a h a z a r d s h i p w h i c h m u s t a l s o g i v e t h e 
a p p e a r a n c e o f b e i n g u n d e r some f o r o o f i n t e l l i g e n t 
c o n t r o l , i n d e p e n d e n t f r o m t h e c o n t r o l o f o w n - s h i p . 
The p r o g r a m , t h e n , must b e seen a s t w o s e p a r a t e 
e n t i t i e s : 
( 1 ) a ( c u r r e n t l y r a t h e r s i c p l e ) e x p e r t s y s t e m , w h i c h 
i n t e r r o g a t e s t h e k n o w l e d g e base a v a i l a b l e f o r a 
s p e c i f i c s h i p - t h i s w o u l d i n c l u d e r a d a r d a t a o n 
p o s i t i o n , s p e e d and c o u r s e o f t h e h a z a r d v e s s e l 
( s u b j e c t t o l i m i t e d a c c u r a c y ) - a n d g i v e s 
d i r e c t i o n o n t h e c o u r s e o f a c t i o n t o b e t a k e n , b y 
s e t t i n g s t a t u s f l a g s i n t h a t k n o w l e d g e b a s e . 
( 2 ) a s i m u l a t o r w h i c h , g i v e n i n i t i a l d a t a f o r a 
v e s s e l , w i l l c a l c u l a t e t h e c o u r s e f o r t h a t v e s s e l , 
s u b j e c t t o c o u r s e c h a n g e s i n t r o d u c e d b y t h e e x p e r t 
s y s t e m . 
The i n t e r f a c e b e t w e e n t h e s e t w o p a r t s i s t h e k n o w l e d g e 
b a s e , w h i c h h o l d s v e l o c i t i e s , d i s p l a c e m e n t s , r e l a t i v e 
b e a r i n g s e t c g e n e r a t e d t h r o u g h t h e a c t i o n s o f t h e 
s i m u l a t o r f o r r e f e r e n c e by t h e e x p e r t s y s t e m , and 
l i k e w i s e r e c o r d s t h e d e c i s i o n s o f t h e e x p e r t s y s t e m 
f o r a c t i o n by t h e s i o i u l a l o r . F o r c o n v e n i e n c e , t h e 
e x p e r t s y s t e o l o g i c i s us e d t o c o n t r o l t h e h a z a r d s h i p 
as w e l l as o w n - s h i p ; i t i s i n t e n d e d , a t t h e n e x t s t a g e , 
t o p r o v i d e a manual o v e r r i d e f o r t h e h a z a r d s h i p , so 
t h a t i t may b e i n d e p e n d e n t l y c o n t r o l l e d t o e n a b l e 
t e s t i n g o f f u r t h e r f e a t u r e s o f t h e e x p e r t s y s t e m . A t 
a l a t e r s t a g e , i t i s e n v i s a g e d t h a t t w o c o m p u t e r 
s y s t e m s s h o u l d e a c h model t h e a c t i o n o f one s h i p , and 
t h a t t h e s e t w o m o d e l s s h o u l d i n t e r a c t v i a a c o m c i u n i -
c a t i o n s l i n k b e t w e e n t h e s y s t e m s . 
The m i c r o c o m p u t e r s y s t e m i n use i s an A t a r i 520ST 
w i t h 1 m e g a b y t e o f m a i n memory, o p e r a t i n g u n d e r CEM* 
and programmed i n 'C' f o r f a s t r e a l - t i m e p r o c e s s i n g 
i n v o l v i n g c o m p l e x m a t h e m a t i c a l c a l c u l a t i o n s . GEM 
( G r a p h i c s E n v i r o n m e n t Manager) i s a WIMPS (Window -
I c o n - Mouse P r o c e s s i n g S y s t e m ) e n v i r o n m e n t , o f f e r i n g 
( a ) f u l l w i n d o w management o f raultiple s c r e e n w i n d o w ^ 
f o r t e x t a n d / o r g r a p h i c s : ( b ) u se o f i c o n s , o r 
r e p r e s e n t a t i v e o n - s c r e e n s y m b o l s , as p r o m p t s t o u s e r 
a c t i o n : ( c ) u s e r i n t e r a c t i o n v i a a 'atousc'. m o v i n g 
a s c r e e n c u r s o r f o r o p t i o n s e l e c t i o n and o t h e r 
i n t e r a c t i v e g r a p h i c s a p p l i c a t i o n s ; ( d ) m u l t i p l e e v e n t 
h a n d l i n g u n d e r f u l l a p p l i c a t i o n c o n t r o l ; ( e ) l i m i t e d 
m u l t i t a s k i n g , c o m p r i s i n g u s e r a p p l i c a t i o n and b a c k -
g r o u n d s y s t e m f u n c t i o n s . Some o f t h e s e f e a t u r e s a r e 
use d a t a f a i r l y l o w l e v e l i n t h e c u r r e n t p r o t o t y p e , 
b u t t h e y a r c e x p e c t e d t o become more s i g n i f i c a n t a s 
t h e s y s t e m a d v a n c e s i n s o p h i s t i c a t i o n . 
*GEM i s o r e g i s t e r e d t r a d e 
I n c o r p o r a t e d . 
i r k o f D i g i t a l R e s e a r c h 
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The s i m u l a t o r o p e r a t e s o n a 2 0 - s c c o n d d i s c r e t e 
t i n e i n t e r v a l , t h e s i i s u l a t i o n p r o c e e d i n g a t s e v e r a l 
s t e p s p e r s e c o n d , r e a l t i r a c . A t e a c h t i m e - s t e p t h e 
d a t a f o r each s h i p i s u p d a t e d , and each v e s s e l i s 
i n d e p e n d e n t l y s u b m i t t e d t o t h e e x p e r t s y s t e m f o r 
d e c i s i o n s as t o s u b s e q u e n t a c t i o n . 
F i g u r e I s h o v s an a n n o t a t e d e x a m p l e o f a t y p i c a l 
s c r e e n d i s p l a y , w h i c h c o n s i s t s o f f o u r windows u n d e r 
a r u i n t i t l e : 
- Window I p r o v i d e s a g r a p h i c a l d i s p l a y o f t h e t w o -
s h i p s i t u a t i o n , u p d a t e d as t h e s i t u a t i o n p r o c e e d s : 
- Window 2 d i s p l a y s t h e a v a i l a b l e o p t i o n s , namely 
( a ) t o show an e n l a r g e m e n t o f t h e e n c o u n t e r p a r t 
o f t h e s i t u a t i o n so f a r , i n t h e g r a p h i c s w i n d o w , 
and ( b ) t o p r o v i d e a r e v i e w i n window 3 o f t h e k e y 
d e c i s i o n s i n t h e e n c o u n t e r so f a r , w i t h c r o s s -
r e f e r e n c e s t o t h e c o r r e s p o n d i n g k e y p o i n t s o n t h e 
g r a p h i c s d i s p l a y o f o w n - s h i p ' s c o u r s e ; 
- Window 6, a l o n g t h e b o t t o m o f t h e s c r e e n , shows 
c u r r e n t d a t a on o w n - s h i p , and on h a z a r d v e s s e l t o 
t h e e x t e n t t h a t s e n s o r s s u c h a s r a d a r c o u l d be 
e x p e c t e d t o p r o v i d e s u c h d a t a . I n p a r t i c u l a r , t h e 
s t a t u s o f o w n - s h i p i s d e t e r m i n e d i n d e t a i l by t h e 
e x p e r t s y s t e m . A s s e s s m e n t by t h e o i a s t c r o f h a z a r d 
s h i p as t o h i s s t a t u s c a n o n l y be j u d g e d f r o m own-
s h i p by w h e t h e r o r n o t h a z a r d s h i p has d e v i a t e d t o 
a n o t i c e a b l e e x t e n t f r o m i t s s e t c o u r s e , 
p r e s u m a b l y f o r c o l l i s i o n a v o i d a n c e p u r p o s e s . Such 
an o b s e r v a t i o n g i v e s r i s e t o t h e two p o s s i b l e 
s t a t u s c o n d i t i o n s f o r h a z a r d - s h i p : ' t u r n i n g ' 
( o b s e r v a b l e d e v i a t i o n f r o m o r i g i n a l h e a d i n g ) o r 
'ahead' ( o n o r i g i n a l h e a d i n g ) . 
3. THE INFERESXE ES'CIHE 
T h i s t e r m i s u s e d t o d e s c r i b e t h e l o g i c s y s t e m 
whereby t h e r u l e s t r u c t u r e o f an e x p e r t s y s t e m i s 
b r o u g h t t o b e a r on t h e k n o w l e d g e base i n o r d e r t o 
dr a w c o n c l u s i o n s , p o s s i b l y u n d e r p r o b a b i l i t y 
c o n s t r a i n t s and s u b j e c t t o c o n f i d e n c e l i m i t s . Such 
p r o b a b i l i s t i c c o n s i d e r a t i o n s a r c e n v i s a g e d i n l a t e r 
d e v e l o p m e n t s o f t h i s s y s t e m , b u t t h e ' i n f e r e n c e 
e n g i n e ' o f t h i s p r o t o t y p e r e s t s p r i m a r i l y on p r e v i o u s 
r e s e a r c h i n t h e f i e l d o f n i a r i n e c o l l i s i o n a v o i d a n c e . 
I n p a r t i c u l a r , two we 1 1 - r e s e a r c h e d c o n c e p t s d i c t a t e 
t h e n a t u r e and e x t e n t o f a c t i o n t a k e n : t h e d o m a i n , 
o r 'danger zone' a r o u n d a v e s s e l , i n t o w h i c h no o t h e r 
v e s s e l o r o b s t a c l e must be a l l o w e d t o e n c r o a c h ; and 
t h e a r e n a , o r ' c i r c l e o f i n f l u e n c e ' , a l a r g e r zone 
a r o u n d a v e s s e l , i n s i d e w h i c h any o t h e r v e s s e l o r 
o b s t a c l e must be c o n s i d e r e d a p o t e n t i a l h a z a r d . 
The c o n c e p t o f t h e dom a i n was ad v a n c e d by 
Goodwin as ' t h e e f f e c t i v e a r e a a r o u n d a s h i p w h i c h 
a n a v i g a t o r w o u l d l i k e t o ke e p c l e a r w i t h r e s p e c t t o 
o t h e r s h i p s and s t a t i o n a r y o b j e c t s ' . The o r i g t n . i l 
c o n c e p t o f t h r e e d i s t i n c t c i r c l e s e c t o r s o f d i f f e r i n g 
r a d i i f o r s i d e l i g h t s and s t e r n l i g h t was l a t e r 
m o d i f i e d t o g i v e a c o n t i n u o u s c i r c u l a r d o a a i n 
b o u n d a r y , w i t h t h e s h i p o f f - c e n t r e i n t h e c i r c l e so 
as t o p r e s e r v e a r e a s s u b t e n d e d by s i d e l i g h t s and 
s t e r n l i g h t . T h i s r a t i o n a l i s a t i o n was b a s e d o n t h e 
l o g i c a l n e c e s s i t y f o r c o n t i n u i t y o f t h e d o m a i n 
b o u n d a r y . ( S e c f i g . 2 ) 
The a r e n a c o n c e p t was i n t r o d u c e d by Davis"^ i n 
r e s p o n s e t o t h e o b s e r v e d a c t i o n s o f m a r i n e r s 
m a n o e u v r i n g t o p r e v e n t i n f r i n g e m e n t o f t h e i r d o m a i n 
by s h i p s yn t h e i r v i c i n i t y . T h i s c o n c e p t was r e f i n e d 
by C o l l e y t o a t i m e f a c t o r , r e f e r r e d co a s t h e 
RDRR ( R a n g c - t o - D o m a i n / R a n g e - R a t e ) c r i t e r i o n -
b a s i c a l l y t h e t i m c - t o - g o ( b e f o r e c a l c u l a t e d d o i s a i n 
i n f r i n g e m e n t ) a t w h i c h t h e m a r i n e r w i l l a s s e s s t h e 
s t a t u s o f h i s v e s s e l and t a k e a c t i o n a c c o r d i n g l y . 
F o r e x a m p l e , a m a r i n e r may choose t o t a k e a c t i o n 12 
m i n u t e s b e f o r e p o t e n t i a l d o m a i n i n f r i n g e m e n t - a 
1 2 - m i n u t c RDRR. 
S i n c e m a r i n e r s on two v e s s e l s may c h o o s e 
d i f f e r e n t RDRR v a l u e s , and d i f f e r e n t d o m a i n 
b o u n d a r i e s , a n d s i n c e t h e C o l l i s i o n A v o i d a n c e R u l e s 
a r e b a s e d p r i m a r i l y on r e l a t i v e p o s i t i o n s a t t h e t i m e 
o f d e c i s i o n - t a k i n g , t h o s e two m a r i n e r s may i n a l l 
c o n s c i e n c e i n t e r p r e t a s i t u a t i o n a t d i f f e r e n t t i m e s , 
and t h e r e f o r e p o s s i b l y i n a d i f f e r e n t way. The 
C o l l i s i o n A v o i d a n c e R u l e s s p e c i f y a c t i o n s i n t e r m s ai 
t h e t y p e o f e n c o u n t e r , so d i f f e r e n t i n t e r p r e t a t i o n s 
n a y l e a d t o c o n f l i c t i n g a c t i o n s . Such u n c e r t a i n t y , 
as w e l l a s t h e p o s s i b i l i t y o f ' c a r e l e s s d r i v e r s ' , 
must be c a t e r e d f o r i n a f u l l y - e f f e c t i v e e x p e r t 
s y s t e m . 
The p r o t o t y p e s y s t e m has as i t s f i r s t o b j e c t i v e 
t h e p r o t e c t i o n o f t h e i n t e g r i t y o f t h e d o m a i n . T h i s 
i s s i m p l i f i e d t o a c i r c l e c e n t r e d a t o w n - s h i p ; i t i s 
a n t i c i p a t e d t h a t f u t u r e d e v e l o p m e n t s w i l l f a v o u r 
t h e 3 - s c c t o r d o m a i n , based on t h r e e c o n c e n t r i c 
c i r c l e s , w i t h ' f u z z y ' ( p r o b a b i l i t y - w e i g h t e d ) 
b o u n d a r i e s b e t w e e n t h e s e c t o r s . The EIDRR c r i t e r i o n 
S r c l o ^ I - 0 6 2 n . m S . c l o r 2 - 0 . 7 i n . m 
S « e l o f i - O . l O n . m . 
( a ) Goodwin d o m a i n ( e x a m p l e ) 
R o d i u i - 0 . 6 i n . m 
0 * n - i h l p o r t c « n t r « < J O," 8 am^fmt a n d 0 , 5 < n , m . 
( b ) D a v i s d o m a i n ( e x a m p l e ) 
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i s u s e d t o d c c c n a i n c d e c i s i o n - t i r a c ; f u t u r e d c v G l o p -
n c n c s w i l l i n c o r p o r a t e t h e RDRR* c r i t e r i o n p u t f o r -
t.-ard by K o n y n , w h i c h a l l o w s f o r ' c h i n k i n g t i m e ' 
b e t w e e n s i t u a t i o n a p p r a i s a l and a c t i o n . B o t h t h e 
t i o i n B and e x t e n t o f t h e a c t i o n a r c i m p o r t a n t , s i n c e 
a s h i p o u s t n o t o n l y t a k e a c t i o n b u t c u s t a l s o be 
seen t o be t a k i n g a c t i o n i n good t i m e b y t h e m a s t e r o f 
Che o t h e r v e s s e l . 
As a f u r t h e r s i m p l i f i c a t i o n o f t h e p r o t o t y p e , 
t h e h a z a r d v e s s e l i s a l l o c a t e d t h e same d o m a i n 
r a d i u s and RDRR v a l u e as a r c i n p u t f o r o w n - s h i p . T h i s 
e n s u r e s c h a t b o t h v e s s e l s a p p r a i s e t h e s i t u a t i o n a t 
t h e same t i m e , o b v i a c i n g f o r t h e t i m e b e i n g a 
c o n p l i c a c i o n d e s c r i b e d e a r l i e r . 
^ . n i E RULES 
As p r e v i o u s l y s t a t e d , e n c o u n t e r s f a l l i n t o t h r e e n a i n t y p e s : 
( 1 ) Head-on 
Two v e s s e l s a r e a p p r o a c h i n g e a c h o t h e r o n 
( a l n a s t ) r e c i p r o c a l b e a r i n g s . A v e s s e l i n s u c h 
an e n c o u n t e r must c o n s i d e r i t s e l f g i v e - w a y and 
a l t e r c o u r s e t o s t a r b o a r d ( r i g h t ) ; i t s h o u l d n o t 
b e g i n t o a l t e r b a c k o n t o c o u r s e u n t i l t h e o t h e r 
v e s s e l has p a s s e d 90° o n t h e p o r t beam ( I c f c h a n d -
s i d e ) ; 
( 2 ) C r o s s i n g 
Two v e s s e l s a r e a p p r o a c h i n g e a c h o t h e r a t an a n g l e 
s u c h t h a t e a c h c a n see one s i d e o f che o t h e r ; 
more s p e c i f i c a l l y , one v e s s e l i s i n t h e s e c t o r 
s u b t e n d e d by t h e p o r t o r s t a r b o a r d l i g h t - I l 2 i ' 
m easured f r o m che bow ( f r o n t ) on each s i d e . The 
s h i p w i t h che o t h e r v e s s e l t o s t a r b o a r d s h o u l d 
g i v e - w a y , a l t e r i n g c o u r s e co s t a r b o a r d and g o i n g 
b e h i n d . I c s h o u l d noc a l t e r - b a c k u n t i l t h e s t a n d -
on v e s s e l has passed 15* t o p o r t o f o v n - s h i p ' s 
o r i g i n a l h e a d i n g : 
( 3 ) O v e r t a k i n g 
A v e s s e l i s deemed t o be o v e r t a k i n g i f i t i s 
a p p r o a c h i n g f r o m w i t h i n t h e s t e r n - l i g h t s e c t o r , 
i e t h e r e a r 135" a r c . The o v e r t a k i n g v e s s e l 
s h o u l d g i v e - w a y as f o l l o w s : 
( a ) I f o n n e a r - p a r a l l e l c o u r s e , go b e h i n d co 
s t a r b o a r d ; a l t e r - b a c k when s a f e t o do s o : 
( b ) I f o n p o r t q u a r t e r o f s t a n d - o n v e s s e l , a c t i o n as f o r ( a ) ; 
( c ) I f o n s t a r b o a r d q u a r t e r , and s e t t o o v e r t a k e 
a head on c u r r e n t c o u r s e , and i f a b l e t o 
p a r a l l e l c o u r s e s w i t h o u t i n f r i n g i n g d o m a i n , 
p a r a l l c l - u p ; when w e l l p a s t and c l e a r t o p u l l 
a c r o s s , r e t u r n t o o r i g i n a l h e a d i n g ; 
( d ) O t h e r w i s e , go b e h i n d t o p o r t ; a l t e r - b a c k when 
s a f e CO do s o . 
The above d c f i n i c i o n s embody che I n t e r n g t i o n a l 
R e g u l a t i o n s f o r P r e v e n t i n g C o l l i s i o n s a t Sea . p l u s 
c l a r i f i c a t i o n o f s p e c i f i c p r a c t i c a l d e t a i l s as o b s e r v e d 
by C o U e y and i m p l e n c n t e d i n a p r e v i o u s s i m u l a t i o n . 
These d e f i n i t i o n s f o r m t h e e s s e n c e o f t h e r u l e 
s i r u c c u r e o f t h e p r o t o t y p e s y s t e m u n d e r d i s c u s s i o n 
h e r e . 
U s i n g t h e s e r u l e s , e v e r y c o l l i s i o n a v o i d a n c e 
n a n o c u v r e i s t a k e n t h r o u g h f o u r s t a g e s , a s f o l l o w s : 
( 1 ) When che RDRR c r i t e r i o n i s i n f r i n g e d , t h u g i v e -
way v e s s e l i n i t i a t e s a t u r n i n g a c t i o n ( a t p r e s e n t , 
t h i s i s t a k e n as a c o n s t a n t - v e l o c i t y a r c o f a 
c i r c l e ) ; 
( 2 ) Once t h e r e q u i r e d t u r n i s e f f e c t e d (Minimum 3 0" -
e x c e p t i n ( 3 ) ( c ) above - so as t o be c l e a r l y 
o b s e r v a b l e ) , t h e v e s s e l c e a s e s i t s t u r n : 
( 3 ) Uhen o r i g i n a l h e a d i n g may be r e s u m e d - w i t h o u t 
f u r t h e r r i s k o f d o m a i n i n f r i n g c a c n C ( a n d any 
o t h e r c o n d i t i o n s a r e s a t i s f i e d ) , a l t e r - b a c k i s 
i n i t i a t c d ; 
(It) When back on o r i g i n a l h e a d i n g , o a n o e u v r c i s t e r -
m i n a t e d , v e s s e l p r o c e e d s o n t h a t h e a d i n g . 
I t s h o u l d be n o t e d t h a t t h e f u o c t i o n o f t h e 
' i n f e r e n c e e n g i n e ' a t each t i m e - s t e p i s t o t a k e t h e 
b a s i c p a r a m e t e r s ( s p e e d , h e a d i n g , p o s i t i o n ) p r o -
v i d e d by t h e s i m u l a t o r . From t h e s e i t g e n e r a t e s a 
s t a n d a r d s e t o f f u r t h e r p a r a m e t e r s — r e l a t i v e 
b e a r i n g , r e l a t i v e v e l o c i t y , a n g l e b e t w e e n r e l a t i v e 
b e a r i n g and r e l a t i v e h e a d i n g ; e t c - a n d a p p l i e s t h e 
r u l e s t o them t o a s c e r t a i n w h i c h s i t u a t i o n p e r t a i n s 
t o Che n e x t s t e p . 
5. EXA>gLES 
F i g . t shows O'-n-ship o v e r t a k i n g h a z a r d f r o m 
h a z a r d ' s p o r e q u a r c e r . 
F i g . 3 ( a ) shows a c r o s s i n g e n c o u n t e r w i c h o w n - s h i p 
g i v i n g - w a y : a r e v i e w has been r e q u e s t e d ac p o i n t 7. 
F i g . 3 ( b ) shows e n l a r g e d d e c a i l o f t h e same e n c o u n t e r 
w i t h a f u l l r e v i e w . 
SEPMflliCfl. 
Cgtlcni 
S f /} 
R"le- i t J t o i durlaa cocovntrr 
EiiUrse d l s s t i i of eccccattr 
fl: Cro i s l cg 
6Ive-«4y h j u r d to JUrfcoird. « l t t r to i i i r b a j r d . 
81 i M J t JS-tfesree turn. CcMln 
not £=• t h f f j t i f t e d . Hold ceune 
f i g . 3 ( a ) 
SUIBI ecrtcg cMonattr 
SEFMRIIO.l 
n: CfoMt&9 ' b i i i r d to i t i f b o t r d 
G l v f a i i - *lter t f l i t i r t a i r a . 
fit I t i s l W'itvtt torA. Cutitn 
cat CO t h r t i t t f l i d . Bald t c c f i i 
Bii i r t f IS* Uv%t\ 10 oert ( rc i 
l o l t l a l tuidUa. B i t e r - b i a . 
Cesrie cz» d e i r . 
Ceaileslej ea e r l s t n i l t e i j t ng . 
'fl Bfl t i r i r I 1.7 7)] 04 I M 119 ea tbtid 
fii 3 ( b ) 
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I r a c k s of v e s s e l s 
7 • » 
O p t i o n s 
ReviGH s t a t u s ( l u r i n g e n c o u n t e r 
E n l a r g e d i s p l a y o f e n c o u n t e r 
jREVIEH] 
f i : Head-on e n c o u n t e r . 
Give-Hag - a l t e r t o s t a r b o a r d 
B: fit l e a s t 3Q-degree t u r n . Oonain 
n o t noM t h r e a t e n e d . H o l d c o u r s e 
OUK-SHIP SEPfiRflTIOH HflZfiRO Speed Course S t a t u s I Range B e a r i n g T i n e I Speed Course S t a t u s 
5.B 93 SB neet_B I 1.2 7 11 I 6.6 271 25 t u r n i n g 
The screen header has been 
removed f r o a f i g s . 4 ( a ) , 
i ( b ) and 5. 
F i g . 4(a) shows a head-on encounter 
partway through; the s t a t u s 
i n f o r r a a t i o n gives d e t a i l o f the s t a t u s 
of own-ship (2nd stage o f a head-on 
en c o u n t e r ) , but i n d i c a t e s only t h a t 
hazard ship has d i v e r t e d from o r i g i n a l 
head in g . 
Fig. 4(b) shows the same encounter 
completed, w i t h f u l l review and both 
vessels back on o r i g i n a l heading. 
T r a c k s of v e s s e l s O p t i o n s 
RevicM s t a t u s d u r i n g encounter 
E n l a r g e d i s p l a y o f en c o u n t e r 
Head-on e n c o u n t e r . 
Give-Hay - a l t e r t o s t a r b o a r d . 
B: fit l e a s t IG-degree t u r n . Donain 
n o t noM t h r e a t e n e d . H o l d c o u r s e 
C: Hazard o v e r 9Q degrees t o p o r t 
f i l t e r - b a c k t o i n i t i a l h e a d i n g . 
D: Course noH c l e a r . 
C o n t i n u i n g on o r i g i n a l h e a d i n g 
QWH-SHIP SEPflRflTIQH HflZflRD Speed Course S t a t u s I Range B e a r i n g T i n e I Speed Course S t a t u s 
5.B 62 BB c l e a r *.5 255 <J I 6.B 111 SB ahead 
T r a c k s o f v e s s e l s 
/ 
options 
RevicH s t a t u s d u r i n g e n c o u n t e r 
E n l a r g e d i s p l a y o f e n c o u n t e r 
ft; o v e r t a k i n g e n c o u n t e r . 
OMn-ship s t a n d - o n . 
B: Course now d e a r . 
C o n t i n u i n g on o r i g i n a l h e a d i n g 
• » > • 
OUH-SHIP 
T • * 
SEPRRftTIOH HRZftRD 
speed Course S t a t u s I Range S e a r i n g T i n e 1 Speed Course s t a t u s 
i . B Kl BB c l e a r 1 Tj 58 65 - 1 15.B a 66 ahead 
F i g . 5 shows ou-n-ship being overtaken 
by hazard v e s s e l , very soon a f t e r 
s t a r t of s i r . u l 3 t i o n r u n . Table 1 
shows the f i r s t p a r t o f the data-
l o g g i n g f i l e f o r t h i s run i n c l u d i n g 
the i n i t i a l data i n p u t . (N'.B. 
negative ti t n c - t o - g o i s used t o 
i n d i c a t e 'domain not t h r e a t e n e d ' ) . 
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fi^Jn -
d«L* for own-3hlp 
Course: ( I ) Dogroea: 47.00 
(11) Hinutea: 0.00 
Speed I n knotsi 4.00 
Turning c i r c l e ( n . i n l s ) : 0.60 
Pos l X l o n : - x: 4.00 
P o a l l l o n : - y: 4.00 
DoRAln r a d i u s i n mis- 0.80 
Aren« (RD/RR) In M i n u t e s : lO.OO 
data f o r hazard s h i p 
Course:- ( 1 ) Degrees: 42.00 
(11) H i n u t e s i 0.00 
Spcod i n knots: 15.00 
Turning c i r c l e ( n . a l s ) : 0.40 
Range In nau t l c & l n l l e s : 3.00 
Bear i n g : - ( 1 ) Degrees: 22S.00 
(11) n i n u t e s : 0.00 
OWH-SHIP TIKE HAZARD 
X Y COURSE SPEED TO CO X Y COURSE SPEED RANGE 
4 00 4 .00 47.00 4 .00 12.14 1 .88 1 .88 42.00 IS.00 : 3.00 
4 02 4 .02 47.00 4 .00 11.81 1 . 93 1 . 94 42.00 15.00 ; 2.94 
4 03 4.03 47.00 4.00 11 .47 1. 99 2.00 42.00 IS.00 : 2.88 
4 Ob 4.OS 47.00 4.00 11.14 2.OS 2.0C 42.00 I S . 00 : 2.82 
4 07 4 .06 47 .00 4.00 10.81 2. 10 2.13 42.00 I S . 00 : 2.76 
4 08 4.08 4 7.00 4 .00 10.47 2. 16 2.19 42.00 I S . 00 : 2.70 
4 10 4 .09 47 .00 4 .00 10. 14 2 21 2. 25 4 2.00 IS . 00 : 2.63 
r;E-- STATUS: o-n-shlp: standon 
NEW STATUS hazard s h l P pa3sO_A 
4.11 4 11 47 .00 4 00 : 9.81 : 2 27 2 31 42 00 IS 00 : 2 S7 
4. 13 4 12 4 7.00 4 00 : 9.68 ; 2 33 2 37 &3 94 IS 00 : 2 51 
4.IS 4 14 47.00 4 00 ;-60.oo : 2 40 2 4 1 65 87 I S 00 : 2 45 
4. 16 4 IS 47.00 4 00 :-60.00 : 2 46 2 44 77 e i 15 00 : 2 40 
4.18 4 17 47.00 4 00 :-60.00 : 2 56 2 4S 77 81 15 00 : 2 36 
4 . 20 4 18 47.00 4 00 :-60.00 ; 2 64 2 47 77 81 IS 00 : 2 31 
4 .21 4 20 47 .00 4 00 :-6o.oo : 2 73 2 49 77 81 15 00 : 2 26 
Tabic I 
I n i t i a l pare of daca-logging 
f i l e Cor o v c r c a k i n g run. 
(see f i g . ( 5 ) ) 
6. CONCLUSIONS Af.T) FUTURE DEVELOPMEHTS 
Cl e a r l y negociacion of f i x e d o b s t a c l e s , 
r e s t r i c t e d channels, rogue ships and unconcroUed 
mobile hazards oust a l l be c a t e r e d f o r , as oust 
s a t i s f a c t o r y r e s o l u t i o n of m u l t i - s h i p encounters. 
The c u r r e n t p r i n i t i v c r u l e base i s open to co n s i d e r -
able extension and increased s o p h i s t i c a t i o n i n i t s 
present fona. U l t i c i a t e l y , p r o b a b i l i t y c o n s i d e r a t i o n s 
( ' f u z z y l o g i c ' ) oust be incorporated to enable a 
r e a l i s t i c asscsstaent of the 'best' course of a c t i o n i n 
conplex scenarios - i t i s a n t i c i p a t e d t h a t t h i s 
could be a s s i m i l a t e d i n t o the e x i s t i n g framework w i t h -
out najor r e s t r u c t u r i n g . Given the c u r r e n t speed o f 
Che s i o u l a t i o n process, there i s s u b s t a n t i a l scope f o r 
increased complexity w h i l s t s t i l l o p e r a t i n g w i t h i n 
r e a l - t i m e c o n s t r a i n t s . A p p l i c a t i o n of fuzzy l o g i c 
would include the i m p o s i t i o n of confidence l i m i t s on 
sensory data received v i a i n s t r u m e n t a t i o n , and on the 
consequent a c t i o n . 
As i n d i c a t e d p r e v i o u s l y , i t i s intended a t an 
e a r l y stage to handle the s i o u l a t i o n s of the two 
vessels on separate aicrocomputer systems, e i t h e r 
or both of which may be under the d i r e c t i o n o f the 
enbryo expert system; a l t e r n a t i v e l y , one of the 
systems oay be under operator c o n t r o l , or subject Co 
progracnned ' a b e r r a t i o n s ' . 
In r e s p e c t of the v i s u a l d i s p l a y and u s e r i n t e r -
a c t i o n , i t i s a n t i c i p a t e d t h a t the f e a t u r e s of GEM 
nwiy be used oorc f u l l y to o f f e r more comprehcsive 
review i n f o m a t i o n , o p t i o n s e l e c t i o n and graphic 
d e t a i l s e l e c t i o n using the mouse, review of course 
data, and other f a c i l i t i e s as the need becomes 
apparent (A d a t a - l o g g i n g f i l e i s already created f o r 
posc-mortCB purposes - sec Table 1). 
other than marine vessels. Major c o n s i d e r a t i o n must 
he given i n such a system t o (a) m a i n t a i n i n g r e a l -
time o p e r a t i o n a l c a p a b i l i t y , and (b) safeguarding 
against p o s s i b l e catastrophe by i n e x p e r t use of such 
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A long-term o b j e c t i v e i s tha t of an expert system 
' s h e l l * f o r c o l l i s i o n avoidance. I n such a s t r u c t u r e , 
i t would be possible f o r the experienced user to 
extend the r u l e base, adding new encounter s i t u a t i o n s 
in terms of the possible combinations of parameter 
values g i v i n g r i s e to such s i t u a t i o n s and adv i s a b l e 
responses to such s i t u a t i o n s : such a s h e l l would als o 
have value i n encounters of c o n t r o l l e d moving o b j e c t s 
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I n t r o d u c t i o n 
I c has been suggested t h a t 85Z of a l l marine c o l l i s i o n s and groundings are due to 
human e r r o r . On t h i s evidence alone there i s a case f o r research and development 
i n t o automating the c o n t r o l and guidance systems which are i n s t a l l e d i n ships. 
Furthermore t h i s does not preclude r e l a t i v e l e v e l s o f automation i n the n a v i g a t -
ion and guidance process, n e i t h e r does i t preclude sub systems which advise 
the mariner of the a c t i o n to take. For example. Automatic Radar P l o t t i n g 
Aids are g e n e r a l l y accepted as t a k i n g a great deal of t e d i o u s work away from 
the O f f i c e r o f the Watch, w h i l s t p r o v i d i n g him w i t h much more - i n f o r m a t i o n 
than he could o b t a i n manually. The work of the Ship C o n t r o l Group i s d i r e c t e d 
towards development of these concepts. 
The Group's a c t i v i t i e s are d i v i d e d i n t o n a v i g a t i o n , c o n t r o l and guidance, 
c o l l i s i o n avoidance and weather r o u t e i n g . By the very nature of the research 
and development, mathematical m o d e l l i n g of ship systems i s an a l l important 
aspect. This paper describes c u r r e n t work being undertaken on b e h a l f o f 
the DTI t o develop a voyage management system f o r automatic guidance o f a 
ship through a l l phases of a passage. The system w i l l a u t o m a t i c a l l y m a i n t a i n 
a vessel on a predetermined t r a c k , improve the p r o b a b i l i t y o f a r r i v i n g i n 
p o r t on time i n poor weather c o n d i t i o n s , and reduce the workload on the bridge 
s t a f f . 
The Ship Guidance Problem. 
I n i t s research programmes the Ship C o n t r o l Group has used s t o c h a s t i c optimal 
c o n t r o l theory [ I , 2 ] . An important p a r t o f t h i s theory i s the s e p a r a t i o n 
p r i n c i p l e , which allows a given o p t i m i s a t i o n problem to be reduced to two 
other problems whose s o l u t i o n s are known, namely an o p t i m a l f i l t e r i n cascade 
w i t h a d e t e r m i n i s t i c c o n t r o l l e r . The problem considered has thus been the 
design of o p t i m a l m u l t i - v a r i a b l e system to c o n t r o l s imultaneously p o s i t i o n 
and v e l o c i t y o f the v e s s e l . The d e v i a t i o n from the d e s i r e d values o f these 
parameters can only be c o r r e c t e d , f o r most vessels* by o p e r a t i o n of the rudder(s) 
and/or the main e n g i n e ( s ) . A f e a t u r e o f an optimal system i s t h a t i t w i l l 
seek to maximise or minimise a g l o b a l parameter, J, c a l l e d the cost f u n c t i o n 
or performance index. This i s based upon the summation of the weighted e r r o r s 
over some time i n t e r v a l . Examples of the time i n t e r v a l might be the time 
to complete the p i l o t a g e phase of the voyage, the time to complete the oceanic 
phase of the voyage, or the t o t a l time from departure to a r r i v a l p o r t s . 
The p i l o t a g e , c o a s t a l and oceanic phases of the voyage may r e q u i r e d i f f e r e n t 
or m o d i f i e d cost f u n c t i o n s . W h i l s t s a f e t y of the v e s s e l , and hence c o l l i s i o n 
avoidance, i s paramount, the w e i g h t i n g o f t r a c k keeping, p o s i t i o n a l accuracy, 
course keeping, speed and o t h e r parameters w i l l change d u r i n g a passage. For 
example i n the approaches to a p o r t i t i s v i t a l l y important t h a t a l a r g e vessel 
keeps to the buoyed channel and hence automatic t r a c k keeping w i l l have maximum 
w e i g h t i n g . In t h i s instance the t r a c k i s defined by the channel i n t o the p o r t . 
Ship C o n t r o l Group, Plymouth Pol y t e c h n i c 
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However once i n t o open water the n a v i g a t o r has a wider choice a v a i l a b l e . 
There w i l l s t i l l be l i m i t a t i o n s i n c o a s t a l waters, but once c l e a r o f the 
c o a s t l i n e the minimum di s t a n c e w i l l i n v o l v e a g r e a t c i r c l e t r a c k , p o s s i b l y 
t a k i n g the vessel i n t o bad weather areas. Hence the s h o r t e s t d i s t a n c e 
may not mean the minimum time at sea. The cost f u n c t i o n w i l l now change and 
as weather data i s received the on-board computers w i l l be r e q u i r e d t o update 
the best route i n order to avoid the worst weather. A l t e r n a t i v e l y the c o s t 
f u n c t i o n might now be r e q u i r e d to minimise f u e l consumption, e n t a i l i n g longer 
time at sea, but p o s s i b l y reducing voyage c o s t s . There i s , a f t e r , a l l , no 
p o i n t steaming at 20 knots, o n l y to f i n d t h a t t h e r e i s no b e r t h a v a i l a b l e 
at the a r r i v a l p o r t . So p o r t knowledge ( b e r t h s and bunkers) could p r o v i d e 
l i m i t i n g c o n s t r a i n t s which w i l l a f f e c t the oceanic performance index. 
Optimal f i l t e r i n g , using a Kalman-Bucy f i l t e r , i s a s t o c h a s t i c technique 
which combines noise c o r r u p t e d measurements of a dynamic system w i t h o t h e r 
known i n f o r m a t i o n about the system, i n order t o o b t a i n best estimates o f 
the v a r i a b l e s , or s t a t e s , t h a t govern the system. I t should be noted, however, 
that the process assumes t h a t the system i s l i n e a r and the e r r o r s are gaussian. 
As a ship c o n s t i t u t e s a n o n - l i n e a r system, when parameters such as l a r g e 
a l t e r a t i o n s of course and/or speed, shallow water e f f e c t s , and t r i m are 
considered there must be some l i m i t a t i o n to the technique. I n the work 
undertaken by the Ship C o n t r o l Group the problem has been overcome by assuming 
constant course and speed d u r i n g each sample p e r i o d . This i s reasonable 
p r o v i d i n g sample times are small when compared w i t h such f a c t o r s as s h i p 
time constants and time between way p o i n t s . 
The Coastal Phase 
Once c l e a r of the p o r t the c o a s t a l phase of the voyage i s undertaken u s i n g the 
same cost f u n c t i o n as f o r the harbour phase. The v e s s e l i s a u t o m a t i c a l l y 
maintained on t r a c k using i n f o r m a t i o n from a v a i l a b l e n a v i g a t i o n aids t o minimise 
t r a c k and course e r r o r . T h e o r e t i c a l s t u d i e s are underway t o i n c o r p o r a t e an 
Automatic C o l l i s i o n Avoidance System (ACAS). This p r o j e c t i s being undertaken 
i n two areas. One research programme i s concerned w i t h a p p l i c a t i o n s o f A r t i f i c -
i a l I n t e l l i g e n c e to the I n t e r n a t i o n a l Rule of the Road [ 3 ] . The work i s 
at present i n the e a r l y stages and computer s i m u l a t i o n s are being undertaken. 
I n another p r o j e c t researchers have been developing software to a u t o m a t i c a l l y 
guide the vessel when r i s k o f c o l l i s i o n or grounding e x i s t s . Computer s t u d i e s 
have shown th a t i t i s p o s s i b l e f o r the c o s t f u n c t i o n t o be m o d i f i e d when 
an approaching ship poses a t h r e a t to the s a f e t y o f n a v i g a t i o n . The on board 
computer i s programmed to change the w e i g h t i n g t o a l l o w f o r a c o l l i s i o n s i t u a t i o n 
and f o r the vessel to take a v o i d i n g a c t i o n . T r i a l s w i l l commence s h o r t l y 
to ensure t h a t the automatic c o l l i s i o n system can be i n t e g r a t e d w i t h the 
n a v i g a t i o n and guidance systems. 
The Oceanic Phase 
Having cleared the land the n a v i g a t o r w i l l now wish t o f o l l o w the most economic 
route to the c o a s t l i n e at the other end of an oceanic passage. Weather r o u t e i n g 
[ 4 ] i s now an e s t a b l i s h e d process i n reducing o v e r a l l r u n n i n g costs. I n 
computer s i m u l a t i o n s the researchers have shown t h a t i t i s p o s s i b l e f o r the 
cost f u n c t i o n to be changed so t h a t weather data t r a n s m i t t e d v i a a s a t e l l i t e 
l i n k can be used to plan and execute the most cost e f f e c t i v e route f o r the 
vessel to f o l l o w . The technique of dynamic programming i s being used to 
compute optimal r o u t e s . I n recent s i m u l a t i o n s o f a c r o s s i n g from Cork to 
New York by the 37000 dwt Dart A t l a n t i c d u r i n g November 1986, when l a r g e 
depressions were fo r e c a s t f o r the great c i r c l e r o u t e , the c a l c u l a t e d optimum 
route was very close to t h a t given by a weather r o u t e i n g agency. I t must be 
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emphasised t h a t the r o u t e planning i s a d v i s o r y i n the i n i t i a l stages o f the 
research. However i t i s intended t h a t t h i s i n f o r m a t i o n w i l l a lso be fed 
to the optimal c o n t r o l l e r so t h a t the vessel can a u t o m a t i c a l l y f o l l o w the most 
cost e f f e c t i v e route d u r i n g the oceanic phase of the voyage. 
Conclusions 
The Ship C o n t r o l Group's u l t i m a t e aim i s t o produce a voyage management system 
which takes n a v i g a t i o n a l data from such n a v i g a t i o n a i d s as are f i t t e d on the 
v e s s e l , c o l l i s i o n avoidance data from the ship's r a d a r s , t o g e t h e r w i t h meteoro-
l o g i c a l data from shore s t a t i o n s v i a a s a t e l l i t e l i n k [ 5 ] . A f t e r a p p r o p r i a t e 
f i l t e r i n g , t h i s data w i l l be used as input to a m u l t i v a r i a b l e o p t i m a l c o n t r o l l e r 
which w i l l m a i n t a i n the v e s s e l on the c o r r e c t t r a c k between p o s r t s , w i t h 
due c o n s i d e r a t i o n to s a f e t y , e f f i c i e n c y and economy o f o p e r a t i o n . This Group 
i s some way towards a c h i e v i n g t h i s aim, as the n a v i g a t i o n and guidance system 
has been t e s t e d a f l o a t , w h i l s t s i m u l a t i o n s t u d i e s have demonstrated t h a t 
the automatic c o l l i s i o n avoidance and weather r o u t e i n g systems can be i n c o r p o r -
ated i n t o the o v e r a l l voyage management system. The next step i s t o develop 
a complete prototype system and undertake e x t e n s i v e t r i a l s i n c o a s t a l and 
oceanic waters. 
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ABSTRACT 
The t a s k o f c o l l i s i o n a v o i d a n c e a t sea i s , by 
d e f i n i t i o n , r u l e - b a s e d . M a r i n e r s a r e i n f a c t 
c o n s t r a i n e d by a s e t o f r u l e s g o v e r n i n g e n c o u n t e r s 
between v e s s e l s a t sea. However, t h e s e r u l e s a r e n o t 
t o t a l l y d e f i n i t i v e as t o d e t a i l s o f t i m i n g , change o f 
c o u r s e , o r a c c e p t a b l e c l e a r a n c e s - Such d e t a i l s a r e 
l e f t t o t h e judgement o f t h e m a r i n e r - judgement 
w h i c h i m p r o v e s o v e r y e a r s o f e x p e r i e n c e and 
a c c u m u l a t e d wisdom. By t h e same t o k e n , i n t e r p r e t a t i o n 
o f complex s i t u a t i o n s i n v o l v i n g a number o f h a z a r d s 
r e q u i r e s s k i l l , judgement and e x p e r i e n c e , as w e l l as 
a book o f r u l e s . 
Such c o n s i d e r a t i o n s i d e n t i f y t h i s t a s k as an 
i d e a l c a n d i d a t e f o r a computer-based e x p e r t system, 
p r e f e r a b l y housed i n a m i c r o c o m p u t e r s i t u a t e d on t h e 
s h i p ' s b r i d g e . I n marked c o n t r a s t t o most e x p e r t 
systems, however, such a c o l l i s i o n a v o i d a n c e s y s t e m 
w o u l d be c h a r a c t e r i s e d by: 
(a) Sensory i n p u t o f d y n a m i c a l l y - c h a n g i n g d a t a , such 
as s h i p ' s speed and c o u r s e , a l s o r a n g e and v e l o c i t y 
o f any p o t e n t i a l h a z a r d s ; 
(b) S u b s t a n t i a l m a t h e m a t i c a l p r o c e s s i n g , n o t a b l y 
e v a l u a t i o n o f a v a r i e t y o f i n t r i c a t e t r i g o n o m e t r i c a l 
f u n c t i o n s ; 
( c ) A b i l i t y t o respond i n r e a l t i m e , w h i l s t 
r e - e v a l u a t i n g t h e s i t u a t i o n c o n t i n u a l l y , as would t h e 
e x p e r t m a r i n e r . 
These r e q u i r e m e n t s suggest t h e need f o r a 
c o m b i n a t i o n o f s o f t w a r e t o o l s : a programming language 
c a p a b l e o f c o n t r o l - l e v e l o p e r a t i o n s , i n c o r p o r a t i n g 
f a s t and p o w e r f u l m a t h e m a t i c a l p r o c e s s i n g c a p a b i l i t y ; 
c o u p l e d w i t h a u s e r e n v i r o n m e n t w h i c h s u p p o r t s t h e 
h i e r a r c h i c a l r u l e s t r u c t u r e a s s o c i a t e d w i t h such 
systems, as w e l l as p r o v i d i n g a w e l l - s t r u c t u r e d and 
f l e x i b l e u s e r i n t e r f a c e . D e t a i l e d c o n s i d e r a t i o n o f 
t h e l a t t e r r e q u i r e m e n t s u g g e s t s t h a t an 
o b j e c t - o r i e n t e d language, such as S m a l l t a l k , i s 
b e t t e r s u i t e d t h a n a l i s t - p r o c e s s i n g o r P r o l o g - t y p e 
l a n g u a g e . 
Development i s under way on such an e x p e r t 
system, u s i n g t h e 'C language t o h a n d l e s e n s o r y d a t a 
i n p u t and m a t h e m a t i c a l f u n c t i o n p r o c e s s i n g . Work i s 
c u r r e n t l y a t t h e 'second p r o t o t y p e ' s t a g e , h a v i n g 
e v a l u a t e d t h e e f f e c t i v e n e s s o f t h e f i r s t p r o t o t y p e by 
a m u l t i p l e r u n o f 500 s i m u l a t e d e n c o u n t e r s . The 
c u r r e n t model, w r i t t e n c o m p l e t e l y i n 'C and 
o p e r a t i n g u n d e r t h e GEM e n v i r o n m e n t , i n c o r p o r a t e s an 
e x p e r t system module and a s i m u l a t o r module, each 
o p e r a t i n g i n d e p e n d e n t l y on each o f two knowledge 
bases, one f o r own-ship, t h e o t h e r f o r one h a z a r d 
v e s s e l . M u l t i p l e windowing p r o v i d e s t h e u s e r w i t h 
c u r r e n t i n f o r m a t i o n , b o t h g r a p h i c a l and n u m e r i c a l , on 
s h i p s ' s t a t u s , p l u s t h e o p t i o n t o r e v i e w t h e r e a s o n s 
f o r d e c i s i o n s t a k e n . 
The o r i g i n a l p r o t o t y p e o p e r a t e d t h e r u l e base as 
a s i m p l e d e c i s i o n t r e e w i t h i n t h e body o f t h e e x p e r t 
s y s t e m program module; mark I I uses a c o n t e n t - f r e e 
i n f e r e n c e e n g i n e o p e r a t i n g on e x p l i c i t l y - d e f i n e d 
r u l e s , w i t h consequent a c t i o n s . C u r r e n t d e velopment 
i s c o n c e r n e d w i t h p r o v i s i o n o f an o b j e c t - o r i e n t e d 
' f r o n t - e n d ' module, r e s p o n s i b l e f o r d e c i s i o n - m a k i n g 
and i n t e r f a c i n g w i t h t h e u s e r . The n e x t move s h o u l d 
be t o i s o l a t e t h e e x p e r t system f o r o w n - s h i p , w i t h 
a l l e x t r a n e o u s i n f l u e n c e s ( s i m u l a t e d , f o r t h e t i m e 
b e i n g ) u p d a t i n g t h e knowledge base v i a c o m m u n i c a t i o n 
p o r t s . 
The p r i m e o b j e c t i v e o f t h i s w o r k i s t o p r o v i d e an 
e x p e r t a d v i s e r f o r m a r i n e r s , c a p a b l e o f r e c e i v i n g 
s e n s o r y i n p u t f r o m a l l a v a i l a b l e c h a n n e l s - i n c l u d i n g 
i n f o r m a t i o n p r o v i d e d by an o p e r a t o r v i a a k e y b o a r d -
and a d v i s i n g on t h e p r e f e r r e d c o u r s e o f a c t i o n . 
1- INTRODUCTION 
I t i s a l m o s t a x i o m a t i c t o say t h a t c o l l i s i o n 
a v o i d a n c e a t sea r e q u i r e s a r u l e - b a s e d a p p r o a c h ; t h i s 
i s t r u e w h e t h e r o r n o t computers a r e i n v o l v e d i n t h e 
p r o c e s s . I n d e e d , a s u p e r f i c i a l a p p r a i s a l o f t h e 
p r o b l e m m i g h t e l i c i t t h e c o n c l u s i o n t h a t a s i m p l e 
p r o c e d u r a l a p p l i c a t i o n o f a s e t o f r u l e s ( o r 
c o n d i t i o n s ) , l e a d i n g t o consequent a c t i o n s , would 
s u f f i c e - i s n o t j u s t such a s e t o f r u l e s i n c o n s t a n t 
use by m a r i n e r s ? 
Such a p r o c e d u r a l approach has been used v e r y 
e f f e c t i v e l y i n computer s i m u l a t i o n o f m a r i n e t r a f f i c 
f l o w and c o l l i s i o n a v o i d a n c e [ 1 ] , w i t h b e n e f i t s i n 
such a r e a s as t r a i n i n g o f m a r i n e r s and m o d e l l i n g t h e 
e f f e c t s o f changes (eg i n t r a f f i c v olume) i n 
h i g h - d e n s i t y t r a f f i c l a n e s . However, t h i s a p p r o a ch i s 
n o t a p r a c t i c a l o p t i o n i n r e a l - w o r l d s i t u a t i o n s , 
i g n o r i n g as i t does t h e need f o r e x p e r i e n c e and 
commonsense i n a p p l i c a t i o n o f t h e s e r u l e s . 
The I n t e r n a t i o n a l R e g u l a t i o n s f o r P r e v e n t i n g 
C o l l i s i o n s a t Sea [ 2 ] , a l t h o u g h q u i t e s p e c i f i c as f a r 
as t h e y go, c a n n o t be r e g a r d e d i n any sense as 
r i g o r o u s d e f i n i t i o n s o f p r e c o n d i t i o n s and c o n s e q u e n t 
a c t i o n s . D e t a i l s as t o t i m i n g , c l e a r a n c e s , s u i t a b l e 
c o u r s e a l t e r a t i o n s , a r e l e f t v e r y much t o t h e 
d i s c r e t i o n o f t h e m a r i n e r - d i s c r e t i o n w h i c h i s 
p e r f e c t e d by y e a r s o f accumulated e x p e r i e n c e and 
wisdom. F u r t h e r m o r e , t h e v a r i e t y o f ' n o n - s t a n d a r d ' 
s i t u a t i o n s - p a r t i c u l a r l y t h o s e i n v o l v i n g a number o f 
v e s s e l s - i s such t h a t no r u l e book c o u l d a d e q u a t e l y 
i n c o r p o r a t e a l l such c o n t i n g e n c i e s and s t i l l p r o v i d e 
a u s e f u l r e f e r e n c e . 
C l e a r l y i t i s p o s s i b l e t o p r o v i d e ' r u l e s o f 
thumb' f o r s p e c i f i c t y p e s o f s i t u a t i o n , and t o add 
s u p p l e m e n t a r y r u l e s f o r v a r i a t i o n s i n t h e s e 
s i t u a t i o n s . T h i s r u l e s t r u c t u r e w o u l d be founded on 
t h e p r e v i o u s l y - m e n t i o n e d a n t i - c o l l i s i o n r e g u l a t i o n s , 
w o u l d i n c o r p o r a t e t h e accumulated wisdom o f e x p e r t 
m a r i n e r s , and w o u l d presumably a l s o be t a i l o r e d t o 
r e f l e c t t h e response c h a r a c t e r i s t i c s o f t h e system 
o p e r a t i n g t h a t r u l e s t r u c t u r e - speed o f r e s p o n s e , 
b r e a d t h o f i n f o r m a t i o n a v a i l a b l e t o t h e system, 
p o s s i b l e consequence o f misjudgement ( c o n f i d e n c e 
l i m i t s ) . The i n f o r m a t i o n r e f e r e n c e d b y such a 
s t r u c t u r e w o u l d be o f two t y p e s : s t a t i c and dynamic. 
S t a t i c i n f o r m a t i o n r e l a t e s t o f i x e d 
c h a r a c t e r i s t i c s o f t h e v e s s e l (some p o s s i b l y s p e c i f i c 
t o c u r r e n t v o y a g e ) : l e n g t h , beam, maximum speed, 
minimum t u r n i n g c i r c l e , s a f e c l e a r i n g d i s t a n c e , and a 
v a r i e t y o f t e c h n i c a l d a t a ; r e l e v a n t c h a r t d a t a f o r 
t h e a r e a b e i n g n a v i g a t e d c o u l d a l s o be r e g a r d e d as 
s t a t i c i n f o r m a t i o n , t h o u g h o f a r a t h e r d i f f e r e n t 
t y p e . Dynamic i n f o r m a t i o n , t o be c o n s t a n t l y u p d a t e d , 
w o u l d i n c l u d e such c o n s i d e r a t i o n s as c u r r e n t speed 
and c o u r s e , p l u s d a t a on p o s i t i o n , speed and c o u r s e 
o f any p o t e n t i a l h azards i n t h e v i c i n i t y . I t s h o u l d 
be n o t e d t h a t t h e r e i s some degree o f o v e r l a p between 
t h e s e two t y p e s o f d a t a , f o r example one's assessment 
o f a s a f e c l e a r i n g d i s t a n c e may depend on t h e n a t u r e 
o f t h e h a z a r d t o be c l e a r e d . 
The t a s k as d e f i n e d i s c l e a r l y s u s c e p t i b l e t o 
h a n d l i n g by means o f a s u i t a b l e e x p e r t systems 
package, i d e a l l y r u n n i n g on a m i c r o c o m p u t e r s y s t e m 
l o c a t e d on t h e b r i d g e o f t h e s h i p . However, two m a j o r 
c o n s i d e r a t i o n s s e t t h i s t a s k a p a r t f r o m most 
c o n v e n t i o n a l a p p l i c a t i o n s o f e x p e r t systems 
e x p e r i e n c e d t o d a t e : 
(1) The dynamic i n f o r m a t i o n r e q u i r e d must, by i t s 
v e r y n a t u r e , be i n p u t t o t h e system d i r e c t l y v i a 
a range o f s e n s o r s , i n c l u d i n g such 
i n s t r u m e n t a t i o n as r a d a r ; f u r t h e r m o r e , t h e scope 
and l i m i t a t i o n s o f such d a t a must be g i v e n due 
r e g a r d by t h e e x p e r t systems l o g i c . 
(2) The d e c i s i o n p r o c e s s e s i n v o l v e d r e q u i r e e x t e n s i v e 
m a t h e m a t i c a l c a l c u l a t i o n s , p r i m a r i l y o f 
t r i g o n o m e t r i c a l f u n c t i o n s , t o be c a r r i e d o u t i n 
r e a l t i m e . 
These c o n s i d e r a t i o n s w o u l d appear t o p r e c l u d e any 
o f t h e r e c o g n i s e d a r t i f i c i a l i n t e l l i g e n c e l a n g u a g e s 
as a s u i t a b l e v e h i c l e f o r t h e m a j o r p r o c e s s i n g 
r e q u i r e m e n t s o f such a system. A f a i r compromise 
w o u l d seem t o be a ' c a l c u l a t i o n ' module, w r i t t e n i n a 
language s u i t e d t o c o n t r o l and m a t h e m a t i c a l 
p r o c e s s i n g , f r o n t - e n d e d by a 
' d e c i s i o n / u s e r - i n t e r f a c e ' module s e t i n an 
e n v i r o n m e n t more s u i t e d t o r u l e - h a n d l i n g and 
man-machine i n t e r f a c e (MMI) c o n s i d e r a t i o n s . T h i s i s 
t h e d i r e c t i o n o f t h e r e s e a r c h p r e s e n t e d i n t h i s 
p a p e r , 
2. SYSTEM SPECIFICATION 
An i n t e l l i g e n t r e s p o n s e system o f t h e t y p e p r o p o s e d 
h e r e s h o u l d , i n p r a c t i c a l t e r m s , be c a p a b l e o f 
e v a l u a t i n g such an e n c o u n t e r between two o r more 
v e s s e l s f r o m t h e s t a n d p o i n t o f an e x p e r i e n c e d 
m a r i n e r , and t a k i n g a p p r o p r i a t e a c t i o n . I t s h o u l d be 
n o t e d a t t h e o u t s e t t h a t such a p a r a l l e l i s 
n e c e s s a r i l y l i m i t e d i n i t s a p p l i c a t i o n , s i n c e t h e 
m a r i n e r may have access t o i n f o r m a t i o n w h i c h i s n o t 
q u i c k l y and e a s i l y a v a i l a b l e t o a computer s y s t e m , 
and v i c e v e r s a . For example, change i n a s p e c t o f an 
a p p r o a c h i n g v e s s e l w i l l i m m e d i a t e l y be v i s u a l l y 
a p p a r e n t t o a human o b s e r v e r , whereas computer 
i n t e r p r e t a t i o n o f r a d a r d a t a may r e q u i r e s e v e r a l 
w e l l - s p a c e d r e a d i n g s b e f o r e p r o d u c i n g a c o r r e s p o n d i n g 
c o n c l u s i o n ; c o n v e r s e l y , t h e computer c o u l d p r o b a b l y 
deduce t h e e f f e c t o f a change i n r u d d e r a n g l e , i n 
t e r m s o f c l o s e s t p o i n t o f approach t o a h a z a r d , f a r 
more q u i c k l y and a c c u r a t e l y t h a n t h e most e x p e r i e n c e d 
s h i p ' s master. Such c o n s i d e r a t i o n s s h o u l d be b o r n e i n 
m i n d b o t h i n t h e p r o c e s s o f knowledge e l i c i t a t i o n and 
i n c r e a t i n g / e x t e n d i n g t h e knowledge base. S u b j e c t t o 
t h e s e p r o v i s o s o u r system, on b e i n g p r o v i d e d w i t h t h e 
i n f o r m a t i o n n o r m a l l y a v a i l a b l e on t h e b r i d g e o f a 
w e l l - ^ e q u i p p e d s h i p , s h o u l d d i r e c t t h e c o u r s e o f 
a c t i o n o f t h a t v e s s e l as w o u l d a competent m a r i n e r . 
T h i s i n v o l v e s : 
(a) R e c o g n i s i n g an e n c o u n t e r ( p o t e n t i a l h a z a r d ) 
s i t u a t i o n i n good t i m e ; 
(b) I d e n t i f y i n g t h e t y p e o f e n c o u n t e r and t h e s t a t u s 
o f one's own v e s s e l ( own-ship) i n t h a t e n c o u n t e r , 
a c c o r d i n g t o t h e I n t e r n a t i o n a l R e g u l a t i o n s f o r 
P r e v e n t i n g C o l l i s i o n s a t Sea - such s t a t u s w o u l d 
n o r m a l l y be e i t h e r ' s t a n d - o n ' ( h a v i n g r i g h t o f 
way) o r 'give-way', a c c o r d i n g t o one's p o s i t i o n 
r e l a t i v e t o t h e o t h e r v e s s e l ( s u b j e c t t o t y p e s o f 
v e s s e l i n v o l v e d , f i s h i n g v e s s e l s and d e e p - d r a u g h t 
v e s s e l s h a v i n g r i g h t o f way i n many 
c i r c u m s t a n c e s ) ; 
( c ) Choosing a c o u r s e o f a c t i o n w h i c h combines a 
s e n s i b l e s a f e t y m a r g i n w i t h t h e l e a s t p r a c t i c a b l e 
i n c o n v e n i e n c e (where own-ship i s j u d g e d t o be 
s t a n d - o n , t h i s w i l l - i n i t i a l l y a t l e a s t - mean 
no a l t e r a t i o n o f c o u r s e ) ; 
(d) M a i n t a i n i n g a w a t c h i n g b r i e f on t h e o t h e r 
v e s s e l ( s ) i n t h e e n c o u n t e r , and b e i n g r e a d y t o 
t a k e a v o i d i n g a c t i o n i f n e c e s s a r y , s h o u l d t h e 
s i t u a t i o n change - i t i s n o t unknown f o r ' r o g u e ' 
v e s s e l s t o d i s r e g a r d t h e r e g u l a t i o n s and p l o u g h 
s t r a i g h t on when t h e y s h o u l d g i v e way, o r even t o 
t u r n i n t o danger. 
C l e a r l y i m p l i c i t i n t h i s 'seaway code' i s t h e 
u n d e r s t a n d i n g t h a t any o t h e r v e s s e l e n c o u n t e r e d w i l l 
be assumed t o be ' w e l l - b e h a v e d ' u n t i l p r o v e d 
o t h e r w i s e , b u t t h a t an i d e n t i c a l p e r c e p t i o n o f , and 
r e a c t i o n t o , t h e e n c o u n t e r by t h e master o f a n o t h e r 
v e s s e l cannot be t a k e n f o r g r a n t e d . I t i s a l s o 
i m p e r a t i v e always t o a d o p t a give-way s t a n c e i n 
r e l a t i o n t o any h a z a r d o t h e r t h a n a n o t h e r v e s s e l 
u n d e r c o n t r o l , f o r example a d e r e l i c t o r a r o c k ! 
CURRENT DEVELOPMENTS 
I A f i r s t p r o t o t y e system, w r i t t e n c o m p l e t e l y i n 'C 
d e a l t w i t h open-sea e n c o u n t e r s ( n o t i n r e s t r i c t e d 
c h a n n e l s o r r o u t i n g systems, no f i x e d o b s t a c l e s ) 
between two manned v e s s e l s moving s u b j e c t t o f a i r l y 
i d e a l i s e d p arameters [ 3 ] . The c o m p l e t e s y s t e m 
c o m p r i s e d an ' e x p e r t s y s t e m ' module, a s i m u l a t o r 
module, and a knowledge base f o r each o f t h e two 
v e s s e l s , own-ship and h a z a r d . A t 20-second i n t e r v a l s 
i n r e a l t i m e (each s i m u l a t e d by a p p r o x i m a t e l y one 
second o f computer t i m e ) , t h e e x p e r t system module 
w o u l d assess t h e s t a t u s o f own-ship by r e f e r e n c e t o 
i t s knowledge base; i n d i c a t o r s b e i n g s e t i n t h a t 
knowledge base f o r a c t i o n t o be t a k e n . The knowledge 
base f o r t h e ha z a r d v e s s e l w o u l d l i k e w i s e be examined 
and f l a g g e d f o r subsequent a c t i o n , i n d e p e n d e n t l y , b y 
t h e same e x p e r t system module. The s i m u l a t o r module 
w o u l d t h e n update t h e dynamic i n f o r m a t i o n f o r each 
v e s s e l i n t u r n by r e f e r e n c e t o r e l e v a n t p a r a m e t e r s , 
a t t h e same t i m e a c t i o n i n g any s t a t u s f l a g s s e t f o r 
t h a t v e s s e l by t h e e x p e r t system. S i n c e under n o r m a l 
c o n d i t i o n s c e r t a i n i n f o r m a t i o n on each v e s s e l w o u l d 
be a v a i l a b l e t o t h e m a s t e r o f t h e o t h e r s h i p v i a 
r a d a r and o t h e r i n s t r u m e n t a t i o n , such i n f o r m a t i o n was 
i n t e r c h a n g e d between t h e two knowledge bases by t h e 
s i m u l a t o r module- The c e n t r a l r e q u i r e m e n t o f t h e 
e x p e r t system was t o e n s u r e t h a t no h a z a r d v i o l a t e d 
an a r e a o f p r o x i m i t y a r o u n d t h e v e s s e l , r e f e r r e d t o 
as t h e 'domain more i n f o r m a t i o n on t h i s and o t h e r 
a s s o c i a t e d c o n c e p t s i s g i v e n l a t e r i n t h i s paper 
F i g . 1 shows an a n n o t a t e d example o f t h e 
m u l t i - w i n d o w s c r e e n d i s p l a y g e n e r a t e d by t h e 
p r o t o t y p e system. 
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Figure I : Annotated exaople of the screen display generated by the prototype syttea. 
T h i s d i s p l a y f o r m a t i s s u b s t a n t i a l l y t h e same f o r 
t h e second ( c u r r e n t ) p r o t o t y p e . F u r t h e r examples o f 
s c r e e n d i s p l a y s f o r a v a r i e t y o f e n c o u n t e r s i t u a t i o n s 
a r e g i v e n l a t e r i n t h i s paper. 
The e f f e c t i v e n e s s o f t h i s f i r s t p r o t o t y p e was 
e v a l u a t e d by a m u l t i p l e r u n o f 500 s i m u l a t e d 
e n c o u n t e r s , each g e n e r a t e d as f o l l o w s : two v e s s e l s , 
each w i t h random c o u r s e , speed and t u r n i n g c i r c l e 
( t h e l a t t e r two p a r a m e t e r s b e i n g w i t h i n s p e c i f i e d 
b o u n d s ) , were p l a c e d i n c l o s e p r o x i m i t y t o t h e e x t e n t 
t h a t each was v e r y l i k e l y t o c o n s i d e r t h e o t h e r a 
h a z a r d , a c c o r d i n g t o t h e i r t e r m s o f r e f e r e n c e - The 
two v e s s e l s , one d e s i g n a t e d o w n - s h i p , t h e o t h e r 
h a z a r d - s h i p , were t h e n e f f e c t i v e l y t a k e n back i n t i m e 
t e n m i n u t e s a l o n g t h e i r t r a c k s , and t h e s i m u l a t i o n 
a l l o w e d t o proceed f r o m t h a t p o i n t - i f an e n c o u n t e r 
s i t u a t i o n a l r e a d y e x i s t e d by t h a t t i m e , t h e 
t i m e - r e v e r s a l was extended t o a p o i n t j u s t b e f o r e 
t h a t e n c o u n t e r b e f o r e l e t t i n g t h e s i m u l a t i o n p r o c e e d -
The s e p a r a t i o n a t c l o s e s t p o i n t o f a p p r o a c h (CPA) 
between t h e two v e s s e l s was c a l c u l a t e d ( i ) w i t h no 
c o l l i s i o n a v o i d a n c e manoeuvre a t t e m p t e d , ( i i ) s u b j e c t 
t o t h e c o l l i s i o n a v o i d a n c e manoeuvre b r o u g h t i n t o 
p l a y by t h e e x p e r t system module. The r e s u l t s o f t h i s 
e x e r c i s e a r e shown i n t h e b a r c h a r t i n F i g , 2-






















COMPflRISOH OF CPft's FOR ft RflHDOH SftHPLE OF 500 EHCOUHTERS 
U i t h o u t 
C o l l i s i o n A v o i d a n c e 
mm K i l l 
U i t h 
C o l l i s i o n R v o i d a n c e 
DOHRIH: e.8 n.n 
ARENft: 18 nins 
SPEED: 5 - 15 K n o t s 
TURHINe 
CIRCLE: fl.2 - 8.7 n.n 
8 .2 .i .6 .8 1.8 1,2 1.4 1.6 1.8 2.8 2.2 2.4 l.f, l.t 3.0 C.P.fl. ( n . n . ) 
F i g u r e 2 
The r e s u l t s o f t h i s m u l t i p l e s i m u l a t i o n 
i l l u s t r a t e t h a t , i n t h e l a r g e m a j o r i t y o f cases, 
p o t e n t i a l domain v i o l a t i o n s were a v o i d e d by t h e 
e x p e r t system i n v o k i n g a p p r o p r i a t e c o l l i s i o n 
a v o i d a n c e s t r a t e g i e s ; moreover, t h e manoeuvres 
i n v o l v e d d i d n o t , i n t h e main, i n v o l v e e x c e s s i v e 
c o u r s e a l t e r a t i o n s - CPA s e p a r a t i o n s f o r t h e s e 
manoeuvres a r e c l e a r l y bunched j u s t o u t s i d e t h e 
domain bound a r y . However, a s m a l l number o f t h e 
e n c o u n t e r s s t i l l show CPAs w i t h i n t h e domain b o u n d a r y 
- t h i s i s c l e a r l y u n a c c e p t a b l e . The r e a s o n s f o r t h i s 
a r e c o n s i d e r e d t o be t h r e e f o l d : 
(1) The r u l e base i n t h e i n i t i a l e x p e r t system module 
was shown t o have c e r t a i n ' b l i n d s p o t s ' , i n w h i c h 
each v e s s e l assessed t h e o t h e r as t h e give-way 
v e s s e l , and t h e r e q u i r e d a v o i d a n c e a c t i o n was n o t 
t a k e n ; 
(2) I n u s i n g a f a i r l y s i m p l e model f o r g e n e r a t i o n o f 
s i m u l a t e d v e s s e l s , some r e a l i s m was l o s t -
v e s s e l s w i t h u n l i k e l y c o m b i n a t i o n s o f 
c h a r a c t e r i s t i c s were i n v o l v e d i n a number o f t h e 
o f f e n d i n g e n c o u n t e r s ; 
(3) A s m a l l number o f t h e s e s i m u l a t i o n s h i g h l i g h t e d 
t h e need f o r an i n c r e a s e d l e v e l o f s o p h i s t i c a t i o n 
i n t h e s t r a t e g y f o r r e c o g n i s i n g and h a n d l i n g 
e n c o u n t e r s i t u a t i o n s . S p e c i f i c a l l y , t h e f i x e d 
l o o k - a h e a d , used t o assess t h e t i m e t o i n i t i a t e 
a v o i d a n c e manoeuvres, appeared i n a d e q u a t e i n 
c e r t a i n cases; an o n g o i n g l o o k - a h e a d , 
e x t r a p o l a t i n g a t r e g u l a r i n t e r v a l s f r o m c u r r e n t 
s t a t u s , seemed i n d i c a t e d t o e n s u r e a c t i o n a t t h e 
optimum t i m e . T h i s i s c o n s i d e r e d t o be t h e most 
i m p o r t a n t development t o a r i s e f r o m t h e m u l t i p l e 
s i m u l a t i o n e x e r c i s e . 
A l l o f t h e s e p o i n t s have been t a k e n on b o a r d (!) 
i n d e v e l o p i n g t h e l a t e s t , second, p r o t o t y p e , a l s o 
o p e r a t i n g c o m p l e t e l y i n 'C u n d e r GEM, a l s o d r i v i n g 
two v e s s e l s t h r o u g h a s i m u l a t o r module o p e r a t i n g 
under t h e d i r e c t i o n o f an e x p e r t systems module. The 
g r e a t e s t change, however, i s i n t h e n a t u r e o f t h e 
e x p e r t system. I n t h e f i r s t p r o t o t y p e , t h e r u l e base 
was f i x e d , encoded i n t h e p rogram l o g i c . I n t h i s 
l a t e r v e r s i o n , t h e r u l e base has been s e p a r a t e d o u t 
as a h i e r a r c h i c a l s e t o f c o n d i t i o n s w i t h a s s o c i a t e d 
a c t i o n s - w i t h t h e p o t e n t i a l f o r e x t e n s i o n and/or 
m o d i f i c a t i o n , g i v e n a s u i t a b l e u s e r i n t e r f a c e . A 
c o n t e n t - f r e e i n f e r e n c e e n g i n e a p p l i e s t h o s e r u l e s t o 
t h e i n f o r m a t i o n f o r each v e s s e l i n t u r n . 
I t s h o u l d be made c l e a r t h a t t h i s p r o t o t y p e i s 
i n t e n d e d p u r e l y as a v e h i c l e t o t e s t c e r t a i n 
c o n c e p t s , and i n t h i s r e s p e c t has p r o v e d most u s e f u l . 
I t has made p o s s i b l e development and t e s t i n g o f a 
f u n d a m e n t a l r u l e s t r u c t u r e , and enhancement o f t h a t 
s t r u c t u r e i n t h e l i g h t o f e x p e r i e n c e . I n t h i s 
c o n t e x t , i t has p r o v i d e d a t e s t - b e d f o r t h e i n t r i c a t e 
t r i g o n o m e t r i c a l f u n c t i o n s e s s e n t i a l t o t h e e v a l u a t i o n 
o f t h o s e r u l e s , and a p r e l i m i n a r y check on t h e 
v i a b i l i t y o f r e a l - t i m e o p e r a t i o n o f such a system. 
L a t e r i n t h i s paper, c o n s i d e r a t i o n i s g i v e n t o t h e 
q u e s t i o n o f s e t t i n g t h e s e i n i t i a l d e v e l o p m e n t s i n a 
more a p p r o p r i a t e e n v i r o n m e n t f o r d e c i s i o n - m a k i n g and 
u s e r i n t e r a c t i o n . 
4. PRINCIPLES OF OPERATION 
As p r e v i o u s l y i n d i c a t e d , t h e t o t a l s ystem d r i v e s t w o 
s i m u l a t e d v e s s e l s , each w i t h i t s own o p e r a t i o n a l 
p a r a m e t e r s , and each ( i n d e p e n d e n t l y ) s u b j e c t t o t h e 
same e x p e r t system module. I t f o l l o w s t h a t b o t h 
v e s s e l s s h o u l d behave i n an o r d e r l y manner, as 
p r e s c r i b e d by t h e a n t i - c o l l i s i o n r e g u l a t i o n s , and 
t h a t n e i t h e r v e s s e l w i l l have t o t a k e emergency 
e v a s i v e a c t i o n a t a l a t e s t a g e t o combat 
n o n - c o o p e r a t i o n by t h e o t h e r v e s s e l - i . e 'rogue' 
s h i p s a r e n o t a c o n s i d e r a t i o n a t t h i s s t a g e o f 
development. I t i s i n t e n d e d , i n t h e ne a r f u t u r e , t o 
model t h e two s h i p s on s e p a r a t e c o m p u t e r s , w i t h 
i n t e r a c t i o n v i a a communications l i n k ; i t i s f u r t h e r 
i n t e n d e d t o p r o v i d e a manual o v e r r i d e on one o f t h e 
s h i p s - t h e h a z a r d - t o f a c i l i t a t e t e s t i n g o f an 
e x t e n d e d r u l e base aimed a t h a n d l i n g such 'rogue' 
b e h a v i o u r . 
A t t h e p r e s e n t phase o f d e v e l o p m e n t , t h e r u l e 
base c o n s i s t s o f r u l e s f o r : 
(a) I d e n t i f y i n g t h e presence o f a p o t e n t i a l h a z a r d , 
and a s s e s s i n g degree o f t h r e a t i n t e r m s o f 
e x p e c t e d t i m e t o i n f r i n g e m e n t o f t h e domain -
t h i s t i m e f a c t o r i s c e n t r a l t o t h e d e c i s i o n on 
when t o t a k e a v o i d i n g a c t i o n , i f n e c e s s a r y ; 
(b) I d e n t i f y i n g t h e t y p e o f e n c o u n t e r , i n c l u d i n g 
s e v e r a l v a r i a n t s i n some cases ( t h e p r i m a r y t y p e s 
o f e n c o u n t e r b e i n g head-on, c r o s s i n g and 
o v e r t a k i n g ) , and f i x i n g t h e s t a t u s o f own-ship 
and t h e p e r c e i v e d s t a t u s o f h a z a r d - s h i p i n t h e 
e n c o u n t e r ; 
(c) N e g o t i a t i n g t h e st a g e s o f t h e e n c o u n t e r , w i t h due 
r e g a r d f o r a p p r o p r i a t e s a f e t y m a r g i n s . 
The r u l e s i d e n t i f y i n g and h a n d l i n g t h e t h r e e 
t y p e s of encounter are as f o l l o w s : 
(1) Head-on 
Two v e s s e l s a r e approaching each o t h e r on 
(almost) r e c i p r o c a l b e a r i n g s . A v e s s e l i n such an 
encounter must c o n s i d e r i t s e l f give-way and a l t e r 
c o u r s e t o s t a r b o a r d ( r i g h t ) ; i t s h o u l d not b e g i n 
t o a l t e r back onto course u n t i l t he o t h e r v e s s e l 
has passed 90 degrees on the p o r t beam 
( l e f t h a n d s i d e ) ; 
(2) C r o s s i n g 
Two v e s s e l s a r e approaching each o t h e r a t an 
a n g l e such t h a t each can see one s i d e of the 
o t h e r ; more s p e c i f i c a l l y , one v e s s e l i s i n the 
s e c t o r subtended by the p o r t or s t a r b o a r d l i g h t -
112.5 degrees measured from t h e bow ( f r o n t ) on 
each s i d e . The s h i p with the o t h e r v e s s e l to 
s t a r b o a r d should g i v e way, a l t e r i n g c o u r s e to 
s t a r b o a r d and going behind. I t s h o u l d not a l t e r 
back u n t i l the stand-on v e s s e l has passed 15 
degrees to p o r t of own-ship's o r i g i n a l heading; 
(3) O v e r t a k i n g 
A v e s s e l i s deemed to be o v e r t a k i n g i f i t i s 
approaching from w i t h i n the s t e r n - l i g h t s e c t o r , 
i e t h e r e a r 135-degree a r c . The o v e r t a k i n g v e s s e l 
s h o u l d g i v e way as f o l l o w s : 
(a) I f on n e a r - p a r a l l e l c o u r s e , go behind t o 
s t a r b o a r d ; a l t e r - b a c k when s a f e t o do so; 
(b) I f on p o r t q u a r t e r of stand-on v e s s e l , a c t i o n 
as f o r ( a ) ; 
(c) I f on s t a r b o a r d q u a r t e r , and s e t to o v e r t a k e 
ahead on c u r r e n t course, and i f a b l e t o 
p a r a l l e l c o u r ses without i n f r i n g i n g domain, 
p a r a l l e l - u p ; when w e l l p a s t and c l e a r t o p u l l 
a c r o s s , r e t u r n to o r i g i n a l heading; 
(d) Otherwise, go behind to p o r t , a l t e r - b a c k when 
s a f e t o do so. 
The i n f e r e n c e engine for the c u r r e n t system r e s t s 
p r i m a r i l y on p r e v i o u s r e s e a r c h i n t h e f i e l d of marine 
c o l l i s i o n avoidance. I n p a r t i c u l a r , two 
w e l l - r e s e a r c h e d concepts d i c t a t e t he n a t u r e and 
e x t e n t o f a c t i o n taken: the domain, or 'danger zone' 
around a v e s s e l , i n t o which no o t h e r v e s s e l or 
o b s t a c l e must be allowed to encroach; and the a r e n a , 
or ' c i r c l e of i n f l u e n c e ' , a l a r g e r zone around a 
v e s s e l , i n s i d e which any other v e s s e l o r o b s t a c l e 
must be c o n s i d e r e d a p o t e n t i a l h a z a r d . 
The concept of the domain was advanced by Goodwin 
[4] as 'the e f f e c t i v e area around a s h i p which a 
na v i g a t o r would l i k e t o keep c l e a r w i t h r e s p e c t t o 
other s h i p s and s t a t i o n a r y o b j e c t s ' . The o r i g i n a l 
concept of t h r e e d i s t i n c t c i r c l e s e c t o r s of d i f f e r i n g 
r a d i i f o r s i d e l i g h t s and s t e r n l i g h t was l a t e r 
modified [5] t o g i v e a continuous c i r c u l a r domain 
boundary, with the s h i p o f f - c e n t r e i n the c i r c l e s o 
as t o pr e s e r v e a r e a s subtended by s i d e l i g h t s and 
s t e r n l i g h t . T h i s r a t i o n a l i s a t i o n was based on t h e 
l o g i c a l n e c e s s i t y f o r c o n t i n u i t y of the domain 
boundary, (see f i g . 3) . The e x p e r t system ( c u r r e n t 
and a n t i c i p a t e d ) has a s i t s f i r s t o b j e c t i v e t h e 
p r o t e c t i o n of the i n t e g r i t y of t h e domain. T h i s i s 
c u r r e n t l y s i m p l i f i e d t o a c i r c l e c e n t r e d a t own-ship; 
thoughts f o r the f u t u r e i n c l i n e towards the 3 - s e c t o r 
domain, with 'fuzzy' ( p r o b a b i l i t y - w e i g h t e d ) 
boundaries between the s e c t o r s . 
0 lln.m 0 JV.«* 
( a ) Coodvin dooain ( c x a n p l c ) <b} Davit domain ( a K a a p l a ) 
F i g u r e 3 
The arena concept was in t r o d u c e d by Davis [ 5 ] i n 
response to the observed a c t i o n s o f ma r i n e r s 
manoeuvring to prevent infringement of t h e i r domain 
by s h i p s i n t h e i r v i c i n i t y . T h i s concept was r e f i n e d 
by C o l l e y [6] t o a time f a c t o r , r e f e r r e d to as t h e 
RDRR (Range-to-Domain/Range-Rate) c r i t e r i o n -
b a s i c a l l y the time-to-go ( b e f o r e c a l c u l a t e d domain 
infringement) a t which the mariner w i l l a s s e s s t h e 
s t a t u s of h i s v e s s e l and take a c t i o n a c c o r d i n g l y . F o r 
example, on the b a s i s of h i s s h i p ' s h a n d l i n g 
c h a r a c t e r i s t i c s a mariner may choose to take a c t i o n 
15 minutes before p o t e n t i a l domain infringement - a 
15-minute RDRR. A modified RDRR c r i t e r i o n , proposed 
by Konyn [ 7 ] , g i v e s i m p l i c i t r e c o g n i t i o n t o the f a c t 
t h a t mariners' responses v a r y a c c o r d i n g to the n a t u r e 
of the a n t i c i p a t e d encounter; t h i s a l l o w s f o r 
r e a c t i o n times r e q u i r e d to r e c o g n i s e and respond t o 
d i f f e r e n t t y p e s of encounter. 
The RDRR c r i t e r i o n , a s de f i n e d by C o l l e y , i s used 
i n the model to determine d e c i s i o n - t i m e . I t had been 
planned to extend t h i s to Konyn's RDRR+ c r i t e r i o n , 
however t h i s p l a n has been r a t h e r overtaken by 
eve n t s . As i n d i c a t e d e a r l i e r , the RDRR look-ahead 
appears inadequate f o r c e r t a i n j u x t a p o s i t i o n s o f 
v e s s e l s , and developments a r e now i n hand t o p r o v i d e 
an ongoing look-ahead. T h i s i s e f f e c t i v e l y a r e p e a t e d 
forward-looking s i m u l a t i o n ( w i t h i n the s i m u l a t i o n 
provided by the model) - which should y i e l d a 
v a r i a b l e RDRR v a l u e t o s u i t the s p e c i f i c s i t u a t i o n . 
T h i s w i l l , of c o u r s e , add t o the overheads i n terms 
of p r o c e s s i n g time, emphasising the need f o r f a s t 
mathematical p r o c e s s i n g t o meet the e s s e n t i a l 
requirement of r e a l - t i m e o p e r a t i o n . 
One important a s p e c t s of c o l l i s i o n avoidance 
manoeuvres i s t h a t they must be c l e a r l y v i s i b l e and 
i d e n t i f i a b l e as such from another v e s s e l - no o t h e r 
form of communication between v e s s e l s can be assumed-
Consequently, any manoeuvre undertaken a t t h e 
d i r e c t i o n of the e x p e r t system must be of s u f f i c i e n t 
magnitude (a ' c l e a r t u r n ' ) and i n good time t o be 
seen from another v e s s e l ; such c o n s i d e r a t i o n s must be 
s e t a g a i n s t the temptation t o use the power o f the 
computer to 'op t i m i s e ' course changes p u r e l y on t h e 
b a s i s of 'sa f e c l e a r a n c e ' c r i t e r i a . The c u r r e n t model 
u s e s a minimum t u r n of 30 degrees, and a minimum RDRR 
c r i t e r i o n as d e f i n e d a s a parameter f o r each v e s s e l -
t y p i c a l l y 10 minutes, but v a r i e d t o s u i t t h e h a n d l i n g 
c h a r a c t e r i s t i c s of the v e s s e l being s i m u l a t e d . 
The r u l e s a s implemented embody the I n t e r n a t i o n a l 
R e g u l a t i o n s f o r P r e v e n t i n g C o l l i s i o n s a t Sea, p l u s 
c l a r i f i c a t i o n of s p e c i f i c p r a c t i c a l d e t a i l s a s 
observed by C o l l e y [8] and used most e f f e c t i v e l y i n a 
pr e v i o u s s i m u l a t i o n . Using t h e s e r u l e s , e v ery 
c o l l i s i o n avoidance manoeuvre i s taken through f o u r 
s t a g e s , as f o l l o w s : 
(1) When the RDRR c r i t e r i o n i s i n f r i n g e d , t h e 
give-way v e s s e l i n i t i a t e s a t u r n i n g a c t i o n ; 
(2) Once the r e q u i r e d t u r n i s e f f e c t e d (minimum 30 
de g r e e s ) , the v e s s e l c e a s e s i t s t u r n ; 
(3) When the o r i g i n a l heading may be resumed w i t h o u t 
f u r t h e r r i s k of domain infringement (and any 
other c o n d i t i o n s a r e s a t i s f i e d ) , a l t e r - b a c k i s 
i n i t i a t e d , n e c e s s i t a t i n g a t u r n i n the o p p o s i t e 
d i r e c t i o n ; 
(4) When back on the o r i g i n a l heading, the manoeuvre 
i s terminated, t h e v e s s e l proceeds on t h a t 
heading. 
I t should be noted t h a t the f u n c t i o n of the 
i n f e r e n c e engine a t each t i m e - s t e p i s t o t a k e t h e 
b a s i c parameters (speed, heading, p o s i t i o n ) p r o v i d e d 
by the s i m u l a t o r . From these i t g e n e r a t e s a s t a n d a r d 
s e t of f u r t h e r parameters - r e l a t i v e b e a r i n g , 
r e l a t i v e v e l o c i t y , angle between r e l a t i v e b e a r i n g and 
r e l a t i v e heading, e t c - and a p p l i e s the r u l e s t o them 
t o a s c e r t a i n which s i t u a t i o n p e r t a i n s to the next 
s t e p . 
I n t h e exended look-ahead mode under development, 
f o r use wi t h a v a r i a b l e RDRR c r i t e r i o n , t h e system 
w i l l , a t r e g u l a r i n t e r v a l s , e x t r a p o l a t e from c u r r e n t 
data through the a n t i c i p a t e d manoeuvre. Hence t h e 
optimum time-to-go f o r i n i t i a t i o n of the a p p r o p r i a t e 
c o l l i s i o n avoidance s t r a t e g y i s i d e n t i f i e d . 
5. EXAMPLES 
F i g u r e 1 shows an o v e r t a k i n g manoeuvre w i t h an 
approach from the po r t q u a r t e r . Own-ship has 
given-way t o pass behind the hazard s h i p b e f o r e 
c o r r e c t i n g - b a c k . 
F i g u r e 4(a) shows the f i r s t s t a g e s o f a head-on 
encounter. Note t h a t the s t a t u s of own-ship i s known 
i n d e t a i l , but hazard s h i p i s known only t o be 
changing course. F i g u r e 4(b) shows the completed 
manoeuvre, with both v e s s e l s back on c o u r s e . 
F i g u r e s 5(a) and 5(b) show the two p o s s i b l e 
manoeuvres f o r o v e r t a k i n g from s t a r b o a r d s i d e . I n 
5(a) own-ship i s a b l e to p a r a l l e l - u p and p a s s t h e 
hazard v e s s e l , t o overtake ahead without i n f r i n g i n g 
the domain; i n 5 ( b ) , c i r c u m s t a n c e s such as speed and 
t u r n i n g c i r c l e r u l e t h i s out, so own-ship p a s s e s 
behind hazard v e s s e l . 
F i g u r e 6 shows hazard v e s s e l o v e r t a k i n g from 
own-ship's port q u a r t e r , by a l t e r i n g t o s t a r b o a r d and 
p a s s i n g behind before c o r r e c t i n g - b a c k . T a b l e 1 i s a 
p r i n t o u t of the f i r s t few e n t r i e s i n the d a t a l o g g i n g 
f i l e f o r t h i s encounter, which c o u l d be used t o 
r e c o n s t r u c t or a n a l y s e the event. 
F i g u r e 7 shows a c r o s s i n g manoeuvre, i n which 
own-ship has given-way to hazard v e s s e l . 
COL L 1510M auaiD/ltCE fir S£/f 
Tracks of vessels IptionsI 
RevieM s t a t u s during encounter 
Enlarge d i s p l a y of encounter 
REVIEW 
0: Head-on encounter. 
Give-May - a l t e r t o starboard . 
B: fit leas t 3B-degree t u r n . Donain not noH threatened. Hold course 
QMN-SHIP SEPflRATIGH HAZARD 
Speed Course Status 1 Range Bearing Tine 1 Speed Course Status 
l i t m 
B.B 78 57 neet-B 1 1.5 347 32 - 1 *«• • 6.B 255 Bl t u r n i n g 
F i g u r e 4 ( a ) . Head-on Encounter - I n i t i a l s t a g e s . 
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RevicM s t a t u s during encounter 
Enlarge d i s p l a y of encounter 
REUIEH 
A; Head-on encounter. 
Give-Mag - a l t e r t o starboard . 
B: At lea s t 3B-degree t u r n . Donain not noM threatened. Hold course 
C: Hazard over 3B degrees t o p o r t . Alter-back t o i n i t i a l heading. 
D: Course noM c l e a r . 
Continuing on o r i g i n a l heading. 
OUH-SHIP SEPARATION HAZARD 
Speed Course Status 1 Range Bearing Tine 1 Speed Course Status 
B.B 45 8B cle a r 1 4.B 248 48 - 1 S.B 225 86 ahead 
F i g u r e 4 ( b ) . Completed Head-on Encounter 
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Trades of vessels [ ^ ^ ^ ^ ^ ^ ^ ^ ^ p t i q n 5 H E = 
RevieN s t a t u s during encounter 
^^  • 
Enlarge d i s p l a y of encounter 
S - REVIEW 
« -
"\ 
fl: Overtaking ahead t o starboard. Turn t o s t a r b o a r d i natch course 
B: Courses now p a r a l l e l . 
Hold course. 
z • C: Able t o resune i n i t i a l heading H i t h o u t r i s k , f t l t e r - b a c k . 
D: Course noN c l e a r . 
Continuing on o r i g i n a l heading. • 1 1 ~T 1 1 1 1 — 2 9 « & « • I I I 7 « « l e QMN-SHIP SEPftRATIOH HAZARD 
Speed Course Status 1 Range Bearing Tine 1 Speed Course Status 
9.8 388 68 cl e a r 1 118*65 1 s l e 338 88 ahead 
F i g u r e 5 ( a ) . Overtaking from s t a r b o a r d s i d e ( i ) . 
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Tracks of vessels lOptionsl 
-^4 
Review s t a t u s during encounter 
Enlarge d i s p l a y of encounter 
REUIEM 
3 
I I r' 
R: Overtaking f r o n hazard's s t a r -
board q u a r t e r . Bive-itay t o p o r t 
B: At le a s t 3B-degree t u r n . Oanain 
not noN threatened. Hold course 
C: Able t o resune i n i t i a l heading N i t h o u t r i s k . Alter-back. 
0: Course noM c l e a r . 
Continuing an o r i g i n a l heading, 2 3 - 1 
QUH-SHIP SEPARATION HAZARD 
Speed Course Status 1 Ranqe Bearing Tine 1 Speed Course Status 
7.6 388 66 d e a r 1 1.4 42 56 - 1 
•t* • 
5.6 338 86 ahead 
F i g u r e 5 ( b ) . Overtaking from s t a r b o a r d s i d e ( i i ) 
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Tracks o f vessels Options 
RevieM s t a t u s d u r i n g encounter 
Enlarge d i s p l a y o f encounter 
lEUIEMi 
0: o v e r t a k i n g encounter. flHn-ship stand-on. 
B; Course noN c l e a r . 
C o n t i n u i n g on o r i g i n a l heading. 
• a 3 « OHH-SHIP 
> • 7 • 1 I S 
SEPBROTIOK HRZRRD 
Speed Course Status 1 Range Bearing Tine 1 Speed Course St a t u s 
4.B 47 88 c l e a r 
n ^ . o * M m 
1 2.7 58 85 - 1 15.B 42 88 ahead 
F i g u r e 6. Hazard o v e r t a k i n g from p o r t q u a r t e r . 
data f o r own-ship 
C o u r s e : - ( i ) Degrees: 47.00 
( i i ) Minutes: 0.00 
Speed In knots: 4.00 
Turning c i r c l e ( o . a l s ) : 0.60 
P o s i t i o n : - x: 4.00 
P o s i t i o n : - y: 4.00 
Domain r a d i u s in o l s : 0.80 
Arena (RD/RR) in minutes: 10.00 
data f o r hazard s h i p 
C o u r s e : -
T u r n i n g 
Range i n 
B e a r i n g : -
( i ) Degrees: 42 .00 
( i i ) Minutes: 0 . 0 0 
Speed in knots: 15.00 
c i r c l e ( n . o l s ) : 0 . 4 0 
n a u t i c a l m i l e s : 3 .00 
( i ) Degrees: 225.00 
( i i ) Minutes: 0 . 0 0 
OWN- SHIP TIME HAZARD 
X Y COURSE SPEED TO (K> X Y COURSE SPEED RANGE 
4.00 4 00 47.00 4.00 : 12.14 1 .68 1 .88 42 00 15 00 3 00 
4.02 4 02 47.00 4.00 ; 11.81 1 .93 1 .94 42 00 I S 00 2 94 
4.03 4 03 47.00 4.00 : 11.47 1 .99 2 .00 42 00 15 00 ; 2 88 
4.05 4 05 47.00 4.00 : 11.14 2 .05 2 .06 42 00 15 00 2 82 
4.07 4 06 47.00 4.00 ; 10.81 2 . 10 2 . 13 42 00 15 00 : 2 76 
4.08 4 08 47.00 4.00 : 10.47 2 . 16 2 . 19 42 00 IS 00 . 2 70 
4. 10 4 09 47.00 4.00 : 10.14 2 .21 2 . 25 42 00 15 00 : 2 63 
f STATUS: own-ship : standon 
f STATUS : hazard ship: passO.A 
4. 11 U 47.00 4.00 9.81 2 .27 2 . 31 42 00 15 00 : 2 57 
4. 13 12 47.00 4.00 : 9.88 I 2 .33 2 . 37 53. 94 15 00 : 2. S I 
4. 15 14 47.00 4.00 :-60.00 2 . 40 2 .41 65. 87 I S 00 : 2 45 
4.16 I S 47.00 4.00 :-60.00 : 2 .48 2 44 77. 81 15 00 ; 2. 40 
4. 18 17 47.00 4.00 :-60.00 2 .56 2 . 45 77. 81 15 00 : 2. 36 
4. 20 18 47.00 4.00 :-60.00 : 2 .64 2 . 47 77. 81 15 00 : 2. 31 
4.21 20 47.00 4.00 :-60.oo . 2 .73 2 . 49 77. 81 IS 00 : 2. 26 
Table 1. S t a r t of da t a l o g f i l e f o r above encounter 
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Review s t a t u s during encounter 
« - S ,/ 
V 
Enlarge d i s p l a y of encounter 
«-
fl: Crossing - hazard t o s t a r b o a r d . 
Give-May - a l t e r t o starboard . 




C: Hazard 15* degrees t o p o r t f r o n 
i n i t i a l heading. Alter-back. 
1 - D: Course O O M c l e a r . 
Continuing on o r i g i n a l heading. 1 1 1 r-
2 J * 
I 1 1 1 1 1 
S « 7 J 10 
QUH-SHIP SEPflROTIOH HAZARD 
Speed Course Status 1 Range Bearing Tine 1 Speed Course Status 
7.B 46 88 d e a r 1 S.4 286 17 - 1 7.8 326 88 ahead 
F i g u r e 7. C r o s s i n g manoeuvre, own-ship g i v i n g way. 
6. PROJECTED DEVELOPMENTS 
The u l t i m a t e o b j e c t i v e of t h i s work, a b r i d g e - b a s e d 
r e a l - t i m e e x p e r t a d v i s e r f o r marine c o l l i s i o n 
a v o i d a n c e , i s c l e a r l y some way o f f , though c u r r e n t 
work suggests t h a t i t i s a c h i e v a b l e . I t i s perhaps 
worth i d e n t i f y i n g the major h u r d l e s s t i l l t o be 
c l e a r e d , and how t h e s e a r e viewed i n the l i g h t of t h e 
work so f a r . 
(1) Rogue v e s s e l s 
The r u l e base can be extended, w i t h i n the p r e s e n t 
s t r u c t u r e , to i n c o r p o r a t e a v o i d i n g a c t i o n i n 
c a s e s of rogue v e s s e l s , v e s s e l s not under 
command, and f i x e d hazards-
(2) M u l t i - s h i p encounters 
I n manoeuvres i n v o l v i n g more than one hazard, a 
two-part s t r a t e g y i s e n v i s a g e d . F i r s t , t h e system 
would attempt to i d e n t i f y a t an e a r l y s t a g e a 
course a l t e r a t i o n which would minimise, or 
p o s s i b l y remove, the c o n f l i c t i o n between own-ship 
and the m u l t i p l e hazard. T h i s i s a 
f r e q u e n t l y - o b s e r v e d ploy of masters on 
c r o s s - c h a n n e l f e r r i e s . Secondly, the look-aheacJ 
technique would be a p p l i e d t o a s s e s s the 
consequences of v a r i o u s avoidance manoeuvres. 
c o n s i d e r i n g a sequence of s i n g l e e n c o u n t e r s . I t 
i s a n t i c i p a t e d t h a t t h i s would be a g e n e r a t i v e 
p r o c e s s , b u i l d i n g up a p r o j e c t e d sequence o f 
s t e p s u s i n g GPS (General Problem S o l v e r ) 
t e c h n i q u e s . P r o b a b i l i s t i c c o n s t r a i n t s a r e a l s o 
l i k e l y t o be a p p l i e d , to a s s e s s the ' b e s t ' cou 
n f a n t i o n . 
r s e 
(3) User I n t e r f a c e 
I n i t s p r e s e n t form, the system can handle a 
s m a l l , f i x e d s e t o f u s e r r e q u e s t s , g i v i n g 
standard, pre-programmed r e s p o n s e s . There i s no 
f a c i l i t y a t p r e s e n t f o r the u s e r to extend o r 
amend the r u l e base, nor i s t h i s c o n s i d e r e d 
a p p r o p r i a t e f o r t h i s ' t e s t - b e d ' v e r s i o n . S e r i o u s 
c o n s i d e r a t i o n i s c u r r e n t l y being g i v e n to a 
s u i t a b l e u s e r environment f o r the f i n a l system, 
e n a b l i n g proper a c c e s s to the r u l e base and 
having the c a p a c i t y f o r a f l e x i b l e r e s p o n s e . The 
nature of the e n t i t i e s and the t a s k s i n v o l v e d 
tends to i n d i c a t e an o b j e c t - o r i e n t e d approach, 
r a t h e r than l i s t - p r o c e s s i n g o r s o - c a l l e d l o g i c 
programming. There i s no doubt, however, t h a t 
speed i s of the es s e n c e i n the mathematical 
p r o c e s s i n g , i f r e a l - t i m e o p e r a t i o n i s t o be 
achi e v e d ; such languages do not tend t o put speed 
o f e x e c u t i o n high on the p r i o r i t y l i s t . F o r t h i s 
reason, i t i s planned to r e t a i n ' C as t h e 
'number-cruncher', w h i l s t S m a l l t a l k i s under 
c o n s i d e r a t i o n f o r the u s e r environment. S m a l l t a l k 
p r o v i d e s a v e r y f l e x i b l e and ' u s e r - f r i e n d l y ' 
environment, and would appear t o pro v i d e t h e 
p o t e n t i a l f o r i n t e r f a c i n g ' C r o u t i n e s . An 
a l t e r n a t i v e , a l s o now under c o n s i d e r a t i o n , i s 
' O b j e c t i v e C , which a t f i r s t s i g h t appears t o 
combine the b e s t of both worlds - a f u l l 
a p p r a i s a l has y e t t o be undertaken. 
(4) I s o l a t i o n o f the E x p e r t System 
The development system has of n e c e s s i t y i n c l u d e d 
a s i m u l a t e d environment f o r the e x p e r t system, 
namely computer-generated d a t a p e r t a i n i n g t o 
own-ship and hazard v e s s e l . The f i n a l e x p e r t 
system w i l l c o n s i s t of a stand-alone u n i t , 
r e c e i v i n g d a t a v i a a v a r i e t y of communication 
channels, i n a d d i t i o n to the u s e r ' s c o n s o l e . As 
an i n t e r m e d i a t e s t a g e , t h e i n t e r n a l d a t a l i n k s t o 
th e c u r r e n t e x p e r t system module a r e t o be 
r e p l a c e d by communication l i n k s t o one or more 
other computers, which w i l l s i m u l a t e dynamic d a t a 
f o r own-ship and radar/communication d a t a f o r t h e 
hazard v e s s e l . U l t i m a t e l y , of course, t h e system 
w i l l be t e s t e d , and f i n a l development undertaken. 
i n a r e a l o p e r a t i o n a l environment. 
(5) V a l i d a t i o n of the f i n a l system 
Three phases of v a l i d a t i o n a r e planned: 
(a) The advanced s i m u l a t i o n d e s c r i b e d i n (4) 
above i s to be used by a number of 
experienced m a r i n e r s . These m a r i n e r s w i l l be 
a b l e to compare the system's h a n d l i n g of each 
encounter w i t h t h e i r own v i e w s on how s u c h a 
s i t u a t i o n should be d e a l t w i t h . As w e l l as 
p r o v i d i n g system v a l i d a t i o n , such i n p u t of 
experience should f a c i l i t a t e enhancement o f 
the system's r u l e s t r u c t u r e . 
(b) I t i s hoped t o i n t e r f a c e the e x p e r t system to 
Plymouth P o l y t e c h n i c ' s R a c a l MRNS 9000 
n a v i g a t i o n s i m u l a t o r , v i a RS232 communication 
l i n k s c u r r e n t l y being s e t up. T h i s s i m u l a t o r 
a l l o w s up to 4 b r i d g e teams each t o c o n t r o l a 
simulated v e s s e l . E x p e r i e n c e d m a r i n e r s , each 
a t the 'helm' of a s i m u l a t e d v e s s e l , w i l l be 
a b l e to judge the e x p e r t system's h a n d l i n g of 
v a r i o u s encounter s i t u a t i o n s , v i e w i n g the 
system e f f e c t i v e l y a s another helmsman. 
(c) The system i s t o be i n s t a l l e d i n the 
P o l y t e c h n i c ' s own r e s e a r c h v e s s e l f o r 
comprehensive s e a t r i a l s . I t may a l s o be 
p o s s i b l e to i n s t a l t h e system i n other 
v e s s e l s , to g i v e a wider range of t r i a l 
s i t u a t i o n s . 
7. C0NCL08I0N8 
At i t s c u r r e n t stage of development, the a n t i -
c o l l i s i o n system has i n d i c a t e d the v i a b i l i t y o f t h e 
proposed product. T e s t s of the system have enabled 
enhancement of the r u l e base, and thus system 
o p e r a t i o n , as w e l l as p o i n t i n g the way f o r f u t u r e 
development. A g r e a t d e a l s t i l l remains to be done, 
but the f e a s i b i l i t y of the p r o j e c t - from the 
computing standpoint - seems a s s u r e d . 
One area not t a c k l e d i n t h i s paper i s the n a t u r e 
and q u a l i t y of data provided by r a d a r and o t h e r 
sensory i n p u t s . The r e l i a b i l i t y of the i n f e r e n c e s 
drawn by the system i s , of c o u r s e , t o t a l l y dependent 
on such data. At a l a t e r s t a g e , i t w i l l be n e c e s s a r y 
to s e t confidence l i m i t s on such i n f e r e n c e s , h a v i n g 
f i r s t ensured the optimum usage of such s e n s o r y d a t a 
as i s a v a i l a b l e . Cost of the o v e r a l l system i s a 
major f a c t o r i n such c o n s i d e r a t i o n s , s i n c e v a r i o u s 
l e v e l s of s o p h i s t i c a t i o n are a v a i l a b l e i n such 
i n s t r u m e n t a t i o n - a t a p r i c e . The o p e r a t o r w i l l , o f 
c o u r s e , have the option t o i n p u t v i a the keyboard 
i n f o r m a t i o n not otherwise d i r e c t l y a v a i l a b l e t o t h e 
system. 
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ABSTRACT 1 r - N ( 3 ) 
The paper describes two aspects of work c u r r e n t l y 
undertaken by the Ship Control Croup at Plymouth 
Polytechnic. The f i r s t i s the use of m u l c i v a r i a b l e 
system theory t o c o n s t r u c t a mathematical model that 
accurately d e s c r i b e s , i n r e a l t i m e , the response of 
both large and small ships t o c o n t r o l i n p u t s 
(demanded'rudder and engines) and dis t u r b a n c e inputs 
(wind and t i d e ) - The model has th r e e degrees o f 
freedom, surge, sway and yaw and i s p a r t i c u l a r l y 
e f f e c t i v e when s i m u l a t i n g t i g h t manoeuvres. 3S may be 
experienced i n the approaches t o a p o r t . 
The second aspect concerns the development of an 
expert system f o r c o l l i s i o n avoidance at sea. The 
system, which u l t i m a t e l y w i l l be housed i n a micro-
computer s i t u a t e d on the bridge o f a s h i p , is now 
at the 'second' p r o t o t y p e ' stage. I t incorporates an 
expert system module and a s i m u l a t o r module, each 
oper a t i n g independently on two knowledge bases, one 
for own-ship and one f o r hazard v e s s e l . Current 
development i s concerned w i t h p r o v i s i o n of an o b j e c t -
o r i e n t e d * f r o n t - e n d ' module, re s p o n s i b l e f o r d e c i s i o n -
making and i n t e r f a c i n g w i t h the user. 
SIMULATION OF SHIP MANOEUVRES 
The a b i l i t y t o s i m u l a t e , i n r e a l t i m e , the 
manoeuvring c h a r a c t e r i s t i c s o f a s h i p i s very u s e f u l , 
and can be used f o r a number of purposes. The ship 
designer can q u i c k l y evaluate e f f e c t s such as h u l l 
geometry, rudder area, p r o p e l l e r t h r u s t f o r example 
on the h a n d l i n g c h a r a c t e r i s t i c s . The c o n t r o l engineer 
can use the model f o r a u t o p i l o t a n a l y s i s . Harbour 
design may be f a c i l i t a t e d u s i n g m u l t i - s h i p modelling 
systems. R e a l i s t i c marine s i m u l a t o r s can be 
constructed f o r the t r a i n i n g o f b r i d g e personnel. 
Real-time models can be used on-board s h i p as an aid 
to n a v i g a t i o n , i n a Kalman f i l t e r f o r example. The 
d i s c r e t e mathematical model de s c r i b e d i n t h i s paper 
i s both non-Linear and t i m e - v a r y i n g , and has been 
s u c c e s s f u l l y employed t o s i o i u l a t e a range of shi p 
types, i n c l u d i n g , f a s t cargo s h i p s , car f e r r i e s , 
survey vessels and t r a i n i n g v e s s e l s ranging from 8 
tonnes t o 17,000 tonnes gross displacement. 
SHIP MATHEMATICAL MODEL 
A l l moving r i g i d bodies c o n t a i n s i x degrees of 
freedom. I n t h i s paper the s h i p i s considered t o be 
a r i g i d body w i t h three degrees o f freedom, namely 
surge, sway and yaw. Ship motions i n heave, p i t c h 
and r o l l are considered small enough t o be neglected. 
From Newtoos laws of motion the equations f o r surge, 
sway and yaw can be w r i t t e n as: 
mu - mrv - X ( I ) 
The usual method employed t o o b t a i n Che X and Y f o r c e s 
and yaw moment ( I ) i s t o consider tt i e forces andmoments 
a c t i n g on the vessel as f u n c t i o n s o f : 
( t ) P r o p e r t i e s of the ship e.g. l e n g t h and h u l l 
geometry. 
( i t ) P r o p e r t i e s o f motion e.g. v e l o c i t y 
( i i i ) P r o p e r t i e s of the f l u i d e.g. d e n s i t y of sea 
water 
This f u n c t i o n can be reduced t o u s e f u l mathematical 
form by the use of Taylor's expansion for a f u n c t i o n 
of s e v e r a l v a r i a b l e s . I t has been shown ( 2 ) t h a t 
t a k i n g o n l y the l i n e a r terms from the expansion i s 
i n s u f f i c i e n t t o d e f i n e the ship a c c u r a t e l y . Non-
l i n e a r terms t h a t give r i s e to more Chan lOZ of the 
g l o b a l f o r c e or moment were considered of major 
importance, and included i n the equacion set ( 3 ) . 
The s t a t e v a r i a b l e s chosen t o represent the v e s s e l 
arc rudder angle, engine r e v o l u t i o n s , forward d i s p l a c e -
ment, forward v e l o c i t y , l a t e r a l displacement, l a t e r a l 
v e l o c i t y , heading and yaw r a t e , so th e s t a t e v e c t o r 
i s d e f i n e as: 
- ( 6 ^ , n^, Ji, u, y, V. r ) «.) 
This s t a t e i s a f f e c t e d by the f o r c i n g vector 
• t*D* " D * " C * ""C "a-
From these e i g h t s t a t e s a set o f f i r s t - o r d e r d i f f e r e n -
t i a l e quations can be used t o d e f i n e the s h i p . 
[ ( t ) - P ( t ) x ( t ) * G ( l ) u ( t ) ( 6 ) 
I t i s convenient t o p a r t i t i o n G m a t r i x i n t o the c o n t r o l 
f o r c i n g f u n c t i o n s C and the d i s t u r b a n c e f o r c i n g 
f u n c t i o n s G^ . 
; ( t ) • F ( t ) x ( t ) * G ^ ( t ) u ( t ) * G j j ( t ) w ( t ) ( 7 ) 
The corresponding d i s c r e t e time s o l u t i o n i s 
x ( k * I ) - A(k,k»r)x(k) • B ( k . k * l ) u ( f c ) • C ( k , k * l ) w ( k ) 
( 8 ) 
In the d i f f e r e n c e equation ( 8 ) . i f t h e s t a t e v e c t o r 
xCk), the c o n t r o l v e c t o r u ( k ) and the d i s t u r b a n c e 
v e c t o r w ( k ) a r c known at the present cime ( k T ) , then 
the new s t a t e v e c t o r K(k+I) may be p r e d i c t e d at 
some f u t u r e time ( k * I ) T . 
Bv • mur (2) 
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Item D e s c r i p t i o n 
Length between p e r p e n d i c u l a r s 1 6 0 . 9 m 
Beam 2 3 . 1 7 Q 
Draught 9 . 0 7 m 
Displacement 1 7 , 1 0 2 tonnes 
Block c o e f f i c i e n t 0 . 6 
Number of p r o p e l l e r s one 
Forward speed a t 7 3 rev/toin 1 3 . 0 knots 
(prop, speed) 
Figure 1 shows a t u r n i n g c i r c l e s i m u l a t i o n f o r the 
vessel d e s c r i b e d i n Table I . w i t h an approach speed 
of IS knots and 2 0 degrees starboard rudder. Figure 
2 compares simulated and a c t u a l r e d u c t i o n i n forward 
speed d u r i n g the t u r n . Figure 3 i l l u s t r a t e s the 
vessel response i n the surge d i r e c t i o n to a step 
change i n demanded engine speed. 
Table I P a r t i c u l a r s o f Fast Cargo Ship 
• Real Ship 
I Non-Linear Model 
TransV^ r 
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FIGURE I 
Tu r n i n g C i r c l e - Fast Cargo Ship 
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Step Change i n Demanded Engine Speed 
Fast Cargo Ship 
SIMULATION PROGRAM 
Input dota t o the program includes the usual 
geometric and mass p r o p e r t i e s , such as o v e r a l l l e n g t h , 
gross displacement and moment of i n e r t i a about the 
z - a x i s . I n a d d i t i o n , i» 3 non-dimensional l i n e a r and 
n o n - l i n e a r hydrodynomic c o e f f i c i e n t s f o r the vessel 
arc r e q u i r e d . These can bo provided by t h e Ship 
C o n t r o l Croup f o r p a r t i c u l a r ships under a consultancy 
arrangement. 
A sampling p e r i o d must be s p e c i f i e d , u s u a l l y between 
one and f i v e seconds depending upon the s i z e of Che 
v e s s e l , t o g e t h e r w i t h a set of i n i t i a l c o n d i t i o n s 
( s t a r t i n g p o s i t i o n , heading, forward speed f or 
example). 
When the program i s running the hydrodyngaic c o e f f -
i c i e n t s are re-dimensionalised d u r i n g each sampling 
p e r i o d thus updating the mathematical model. This 
ensures t h a t d u r i n g a p a r t i c u l a r manoeuvre the 
instantaneous e f f e c t s of yaw-rate, forward and l a t e r a l 
v e l o c i t y are taken i n t o account d u r i n g the dimensional 
i s i n g process. 
This c o n s t a n t r e - e v a t u a t i o n o f the mathematical model 
means t h a t a h i g h degree o f accuracy i s o a i n t a i n e d 
d u r i n g manoeuvring s i m u l a t i o n s . 
FIGURE 2 
Reduction i n Forward Speed - Fast Cargo Ship 
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•3 jr^ a-
• - a 
CO- 0* 
INSTRUMENT TRAINING VESSEL CATAMARAN 
1 cem D e s c r i p t i o n I tem D e s c r i p t i o n 
Length O v e r a l l 27.63 D Number o f h u l l s 2 
Beam 5.69 n Length o v e r a l 1 11.17 m 
Draught 2.09 m Width o v e r a l l 6.3 m 
Displacement 1)6 tonnes H u l l s e p a r a t i o n 3.7 m 
Block C o e f f i c i e n t 0.68 Displacement 8.5 tonnes 
Number of P r o p e l l e r s 2 Number o f p r o p e l l e r s 2 
Forward speed at 1200 rev/min (engine) 11 knots Forward speed at 2200 rev/min ( e n g i n e ) 8.9 knots 
Table 2 P a r t i c u l a r s of Instrument T r a i n i n g Vessel 
y-*-»^ OOMPUIER SIMULATION 
, , TWSPOKBCa PLOT 
200^ 
200^ 
-T 1 I 
0 200 600 600 
Transfer (m) 
FIGURE 6 
Turning C i r c l e - Instrument T r a i n i n g Vessel 
Figure 6 is a computer s i m u l a t i o n o f a t u r n i n g c i r c l e 
( I S degrees starboard rudder, ) l knot approach speed) 
f o r the instrument t r a i n i n g vessel superimposed 
upon Che t u r n i n g c i r c l e measured by the Ship C o n t r o l 
Group using t r i s p o n d e r . This i s a microwave p o s i t i o n 
f i x i n g system which measures range from the on-board 
t r a n s m i t t e r to two or three shore-based t r a n s m i t t e r s 
(remotes). The system accuracy i s w i t h i n t h r e e metres 
and i s w i d e l y used i n hydrographic survey work. 
Un l i k e the previous vessel, where the hydrodynamic 
c o e f f i c i e n t s were measured i n a towing tank 
environment, c o e f f i c i e n t s f o r the instrument t r a i n i n g 
vessel were evaluated t h e o r e t i c a l l y , and f i n e - t u n e d 
by comparing sim u l a t i o n r e s u l t s w i t h t r i s p o n d e r 
r e s u l t s . 
In t h i s a p p l i c a t i o n , the mathematical model was used 
i n r e a l - t i o e by an on-board computer t o a c c u r a t e l y 
p o s i t i o n the vessel on an e l e c t r o n i c c h a r t . Measure-
ments of p o s i t i o n , heading and speed were compared 
w i t h p r e d i c t i o n s from the model, and a best estimate 
a r r i v e d at using Kaloan f i l t e r techniques. 





Tran s f e r (m) 
FIGURE 5 
Tu r n i n g C i r c l e - Catamaran 
The catamaran, w i t h i t s t w i n h u l l s , was more d i f f i c u l t 
t o i&odel than mono-hul 1 vessels. F i g u r e 5 shows 
simu l a t e d and measured ( c r i s p o n d e r ) t u r n i n g c i r c l e s 
f o r S degree s t a r b o a r d rudder, approach speed 9 k n o t s . 
HARDWARE 
The o r i g i n a l s i m u l a t i o n package was developed on a 
PRIME 9950 mainframe u s i n g FORTRAN 77. More r e c e n t l y 
Che r o u t i n e s have been t r a n s l a t e d i n t o C and can run 
on a v a r i e t y o f computers i n c l u d i n g IBM PC*s and 
compatible machines. 
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THE COLLISIOH AVOIDANCE TASK 
The cask o f c o l l i s i o n avoidance a t sea i s g e n e r a l l y 
recognified co be a rule-based process, as evidenced 
by The I n t e r n a t i o n a l Regulations f o r Preventing 
C o l l i s i o n s at Sea t6J» a document u n i v e r s a l l y 
accepted and respected by r e s p o n s i b l e mariners. 
T h i s document appears at f i r s t s i g h t t o giv e a 
d e f i n i t i v e sequence o f o p e r a t i o n s c o v e r i n g every 
form of encounter between two marine v e s s e l s , thus 
making the task manageable v i a a s t r a i g h t forward 
procedural approach. However, a d e t a i l e d study 
of these r e g u l a t i o n s , and (even more C e l l i n g ) an 
ob s e r v a t i o n o f t h e i r i n t e r p r e t a t i o n by mariners, 
reveals a f a i r degree o f l a t i t u d e t n t h e i r 
a p p l i c a t i o n . The r e g u l a t i o n s are i n f a c t a set of 
c l e a r g u i d e l i n e s , l e a v i n g the mariner co make 
d e c i s i o n s on d e t a i l such as t i m i n g , c l e a r a n c e s , 
s u i t a b l e course a l t e r a t i o n s . The wide v a r i e t y 
o f 'non-standard* s i t u a t i o n s which may occur 
are a l s o l e f t t o i n t c r p r e c a c i o n by the experienced 
mariner, i n the l i g h t o f these r e g u l a t i o n s . 
Such a s i t u a t i o n i s c l e a r l y s u s c e p t i b l e t o an expert 
systems approach. 'Rules o f thumb' f o r s p e c i f i c 
types o f s i t u a t i o n may be supplemented by r u l e s f or 
v a r i a t i o n s i n these s i t u a t i o n s . T h i s r u l e s t r u c t u r e 
would be founded on the previously-mentioned anci-
c o l l i a i o n r e g u l a c i o n s , would i n c o r p o r a t e the 
accumulated wisdom o f expert m a r i n e r s , and would 
presumably a l s o be t a i l o r e d t o r e f l e c t the response 
c h a r a c t e r i s t i c s o f the system o p e r a t i n g t h a t r u l e 
s t r u c t u r e - speed of response, breadth o f i n f o r m a t i o n 
a v a i l a b l e t o the system, p o s s i b l e consequence of 
misjudgement ( c o n f i d e n c e l i m i t s ) . 
An expert syscem as described would r e q u i r e access to 
two types of i n f o r m a t i o n , s t a t i c and dynamic. S t a t i c 
i n f o r m a t i o n r e l a t e s Co f i x e d c h a r a c t e r i s t i c s of the 
vessel - l e n g t h , beam, maximum speed, minimum t u r n i n g 
c i r c l e , safe c l e a r i n g d i s t a n c e , and a v a r i e t y of 
t e c h n i c a l data (some p o s s i b l y s p e c i f i c t o cu r r e n t 
voyage). Dynamic i n f o r m a t i o n , t o be c o n s t a n t l y 
updated, would i n c l u d e such c o n s i d e r a t i o n s as current 
speed and course, plus data on p o s i t i o n , speed and 
course o f any p o t e n t i a l hazards i n che v i c i n i t y . 
Such i n f o r m a t i o n must, by i t s n a t u r e , be input to the 
system d i r e c t l y v i a a range of sensors, i n c l u d i n g 
such i n s t r u m e n t a t i o n as radar. 
Such an i n t e l l i g e n t response system should be capable 
o f e v a l u a t i n g an encounter between two or more vessels 
from the standpoint of an experienced mariner, and 
t a k i n g ( o r a d v i s i n g ) a p p r o p r i a t e a c t i o n . On being 
provided w i t h t h e i n f o r m a t i o n normaUy a v a i l a b l e on 
the b r i d g e of a well-equipped s h i p , t h i s syscem should 
be capable o f : 
(a ) Recognising an encounter ( p o t e n t i a l hazard) 
s i t u a t i o n i n good t i m e ; 
( b ) I d e n t i f y i n g the type o f encounter and Che 
sta t u s of one's own vessel (own-ship) i n that 
encounter, a c c o r d i n g t o Che i n t e r n a t i o n a l 
Regulacions f o r Prevencing C o l l i s i o n s at Sea -
such s t a t u s would n o r m a l l y be e i t h e r 'stand-on' 
(having r i g h t o f way) or 'give-way', according 
to one's p o s i t i o n r e l a t i v e t o the o t h e r vessel 
( s u b j e c t t o types of vessel i n v o l v e d , f i s h i n g 
vessels and deep-draught vessels having r i g h t 
of way i n many c i r c u m s t a n c e s ) ; 
( c ) Choosing a course of a c t i o n which combines a 
sensible s a f e t y margin w i t h the le a s t 
p r a c t i c a b l e inconvenience (where own-ship i s 
judged t o be stand-on, t h i s w i l l - i n i t i a l l y 
at l e a s t - mean no a l t e r a t i o n of c o u r s e ) ; 
( d ) M a i n t a i n i n g a w a t c h i n g b r i e f on the o t h e r 
v e s s e l ( s ) i n the encounter, and being ready 
t o Cake a v o i d i n g a c t i o n i f necessary, should 
the s i t u a t i o n change - i t i s not unknown 
fo r 'rogue' v e s s e l s t o d i s r e g a r d the regulac-
ions and plough s c r a i g h t on when they should 
give way. or even t o t u r n i n t o danger. 
C l e a r l y i m p l i c i t i n t h i s 'seaway code* i s Che under-
standing choc any o t h e r v e s s e l encountered w t M 
be assumed t o be 'well-behaved' u n t i l proved o t h e r -
wise, but Chat an i d e n t i c a l p e r c e p t i o n o f , and r e a c t i o n 
Co. the encounter by che master o f another vessel 
cannot be taken f o r g r a n t e d . I t i s also i m p e r a t i v e 
always t o adopt a give-way stance i n r e l a t i o n t o 
any hazard o t h e r than another vessel under c o n t r o l , 
f o r example a d e r e l i c t or a r o c k l 
CURREHT DEVELOPKEKTS 
Development i s c u r r e n t l y at che 'second protocype' 
stage. F i g u r e 6 shows the nature of the d i s p l a y 
produced by t h i s package. The package comprises 
a sifflulacor module, d r i v i n g each o f two vessels 
(own-ship and hazard v e s s e l ) independently on the 
knowledge bases f o r each o f che two ve s s e l s . At 
2 0 second i n t e r v a l s , s h i p time (simulated by 1 / 2 
second i n t e r v a l s i n r e a l t i o e ) the f o l l o w i a g 
sequence i s c a r r i e d o u t : 
(a) C e r t a i n minimal i n f o r m a t i o n , as would be 
a v a i l a b l e v i a i n s t r u m e n t a t i o n (speed, course, 
r e l a t i v e p o s i t i o n ) i s Cf>mmunicated from the 
knowledge base o f each s h i p t o the knowledge 
base o f the o t h e r ; 
(b) The ex p e r t system module considers che currenc 
scace o f each vessel independendy. s e t t i n g 
s t a t u s i n d i c a t o r s f o r consequent a c c i o n , 
to be c a r r i e d out by the simulator module; 
(c) The s i m u l a t o r module updates Che p o s i c i o n , 
speed, and course i n f o r m a t i o n f o r each 
vessel i n t u r n , w i t h due regard f o r t h e 
'recommendations* o f the expert system wich 
respect co t h a t v e s s e l ; 
Cd) The screen d i s p l a y i s updated t o show the new 
c u r r e n t s i t u a t i o n . 
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The f i r s t p r o t o t y p e [S] contained Che decision-making 
l o g i c for the expert system module i n such a form t h a t 
the rules were 'hard-vired' i n t o the program code. 
Whi l s t adequate f o r an i n i t i a l t e s t - b e d , t h i s approach 
was unsuited to a f l e x i b l e , expanding r u l e base as 
envisaged at the outset of t h i s paper. The second 
prototype incorporates a c o n t e n t - f r e e ' i n f e r e n c e 
engine* a c t i o n i n g a set of r u l e s which form a 
'decision network* - see f i g u r e 7. These r u l e s are 
held as a set of nodes, or o b j e c t s , each comp r i s i n g 
a simple boolean d e c i s i o n f u n c t i o n , p o i n t e r s t o 
two other nodes, and s i o t h e r r e l e v a n t parameters 
d e f i n i n g consequent a c t i o n . The most s i g n i f i c a n t 
of these are the two f l a g s , one f o r each o f the 
' c h i l d nodes', i n d i c a t i n g whether t h a t node i s t o be 
actioned immediately or at the next t i m e - s t e p ( s o l i d 
and dotted l i n e s r e s p e c t i v e l y i n f i g u r e 7 ) . This f o r o 
of s t r u c t u r e allows for the i n f e r e n c e / d e c i s i o n 
network t o be expanded and enriched t o any degree 
of s o p h i s t i c a t i o n . A simple extension w i l l a l s o 
permit 'backtracking' t o e x p l a i n the d e c i s i o n 
process a: any stage, and p a r a l l e l processing 
i s a c l e a r p o s s i b i l i t y w i t h o u t major changes. 
There are several q u a l i t a t i v e d i f f e r e n c e s i n t h i s 
package, as compared t o most other expert system 
packages c u r r e n t l y i n c i r c u l a t i o n . T h i s system, as 
envisaged i n i t s f i n a l form, e x h i b i t s the f o l l o w i n g 
advances on c u r r e n t 'standard* expert systems: 
(a) mainly sensory i n p u t , supported by keyboard input 
froa the user; 
(b) r e a l - t i m e response; 
<c) s u b s t a n t i a l ( i . e . n o n - t r i v i a l ) mathematical 
processing, mainlv of m u l t i - v a r i a b l e 
t r i g o n o m e t r i c a l funct ions; 
( d ) Graphical d i s p l a y of c u r r e n t s t a t u s . 
For those reasons, no s u i t a b l e expert systems s h e l l 
has been found t o f i t the requirements. Indeed, 
one o b j e c t i v e of t h i s work i s t o provide a g e n e r a l -
purpose * c o l l i s i o o avoidance* s h e l l , w i t h wider 
a p p l i c a t i o n than simply the marine environment. 
i n the expert systems package; the time i n 
que s t i o n i s shown i n the l i n e o f data at the 
bottom o f the screen d i s p l a y . 
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One important aspect o f c o l l i s i o n avoidance 
manoeuvres i s t h a t they must be c l e a r l y v i s i b l e 
and i d e n t i f i a b l e as such from another vessel -
no o t h e r form o f communication between vessels 
can be assumed. Consequently, any manoeuvre 
undertaken at the d i r e c t i o n o f the e x p e r t system 
must be o f s u f f i c i e n t magnitude (a ' c l e a r t u r n * ) 
and i n good time t o be seen from another v e s s e l ; 
such c o n s i d e r a t i o n s must be set a g a i n s t the 
tem p t a t i o n t o use the power o f the computer 
t o ' optimise* course changes p u r e l y on the 
basis o f 'safe c l e a r a n c e ' c r i t e r i a . The c u r r e n t 
model uses a minimum t u r n of 30 degrees, and 
a minimum RDRR c r i t e r i o n as d e f i n e d as a 
parameter f o r each v e s s e l t y p i c a l l y 10 minutes, 
but v a r i e d t o s u i t the h a n d l i n g c h a r a c t e r i s t i c s 
of the vessel b e i n g s i m u l a t e d . 
The f i r s t two prototypes have been w r i t t e n c o a p l e t e l y 
i n the *C' programming language, and i t i s intended 
t h a t t h i s w i l l a l s o form the b a s i s o f the f i n a l system. 
The nodal network i s c u r r e n t l y implemented by a 
combination of s t r u c t u r e s and boolean f u n c t ions i n 
'C*. Object-oriented languages ( S m a l l t a l k , O b j e c t i v e C, 
C**) are being considered f o r ' f r o n t - e n d ' processing 
- l e user i n t e r f a c e and t o p - l e v e l decision-making. 
Such an approach i s l i k e l y t o be more f l e x i b l e 
and ' u s e r - f r i e n d l y ' than the c u r r e n t C-coded GEM 
environment (on the A t a r i ST microcomputer). 
PRINCIPLES OF OPERATION 
The r u l e s as implemented embody the I n t e r n a t i o n a l 
Regulations f o r P r e v e n t i n g C o l l i s i o n s at Sea, plus 
c l a r i f i c a t i o n o f s p e c i f i c p r a c t i c a l d e t a i l s 
as observed by Col l e y (9 J and used most 
e f f e c t i v e l y i n a pr e v i o u s s i m u l a t i o n . Using 
these r u l e s , every c o l l i s i o n avoidance manoeuvre 
is taken through f o u r stages, as f o l l o w s : 
(1) When the RDRR c r i t e r i o n i s i n f r i n g e d , t he give-
way v e s s e l i n i t i a t e s a t u r n i n g a c t i o n ; 
(2) Once the r e q u i r e d t u r n i s e f f e c t e d (minimum 30 
degrees ) , the vessel ceases i t s t u r n ; 
The operation of t h i s package c e n t r e s on two u n d e r l y i n g 
p r i n c i p l e s i d e n t i f i e d i n e a r l i e r research. The f i r s t 
i s t h a t of the domain [ 6 ] , [ 7 ] , an area around a vessel 
which the master would wish t o keep f r e e o f any other 
s h i p or p o t e n t i a l hazard. The second i s tha t of the 
arena [ ? ] . the wider area around one's vessel w i t h i n 
which any p o t e n t i a l hazard should be c a r e f u l l y 
considered f o r degree of t h r e a t and a p p r o p r i a t e 
remedial a c t i o n . This l a t t e r concept has been r e f i n e d 
from a distance-based t o a time-based c r i t e r i o n , 
RDRR (Range-to-Dooain/Range-Rate) [ 8 ] , i . e . p r o j e c t e d 
time t o domain infringement. I t i s i n t h i s l a t t e r , 
time-vectored form that t h i s p r i n c i p l e i s a p p l i e d 
(3) When the o r i g i n a l heading may be resumed 
w i t h o u t f u r t h e r r i s k of dooain i n f r i n g e m e n t 
(and any o t h e r c o n d i t i o n s are s a t i s f i e d ) , a l t e r -
back i s i n i t i a t e d , n e c e s s i t a t i n g a t u r n i n 
the o p p o s i t e d i r e c t i o n ; 
( 4 ) When back on t h e o r i g i n a l heading, Che manoeuvre 
i s t e r m i n a t e d , the vessel proceeds on t h a t 
heading. 
I t should be noted t h a t the f u n c t i o n o f the i n f e r e n c e 
engine a t each time-step i s t o take Che b a s i c 
parameters (speed, heading, p o s i t i o n ) p r o v i d e d by the 
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siraulacor. FroB these i t generates a standard sec 
3f f u r t h e r paramecers - r e l a t i v e b e a r i n g , r e l a t i v e 
v e l o c i t y , angle between r e l a t i v e b e a r i n g and r e l a t i v e 
l e a d i n g , etc - andapplies the r u l e s t o them t o 
a s c e r t a i n which s i t u a t i o n p e r t a i n s t o the next step. 
•.FFICACY OF IN I T I A L RULE BASE 
rhe e f f e c t i v e n e s s of the present r u l e s t r u c t u r e has 
Qeen evaluated by a n u l t i p l e run o f 300 s i n u l a t e d 
-ncounters. The r e s u l t s of t h i s e x e r c i s e are 
ihown i n the bar ch a r t i n F i g . 8-
cmFflRKM tf m'i r « i h u h h sflfipu i f sea tutewTos 
UlttWHt 
C o l U s l H Ivold iKC 
r toaeKi 
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C.P.II. 
The r e s u l t s o f t h i s a u l c i p l e s i m u l a t i o n i l l u s t r a t e 
Chat, i n the lar g e m a j o r i t y of cases, p o t e n t i a l 
domain v i o l a t i o n s were avoided by the expert 
system i n v o k i n g a p p r o p r i a t e c o l l i s i o n avoidance 
s t r a t e g i e s ; moreover, the manoeuvres i n v o l v e d d i d 
n o t , i n the main, i n v o l v e excessive course 
a l c e r a c i o n s - CPA separations f o r these manoeuvres 
are c l e a r l y bunched j u s t o u t s i d e the doaain 
boundary. However, a small number o f the encounters 
s t i l l show CPAs w i t h i n the domain boundary - t h i s i s 
c l e a r l y unacceptable. The reasons f o r t h i s are 
considered t o be t h r e e f o l d : 
( 1 ) The r u l e base i n the i n i t i a l e x p e r t system 
module was shown t o have c e r t a i n ' b l i n d 
spots', i n which each vessel assessed the 
other as the give-way v e s s e l , and the 
re q u i r e d avoidance a c t i o n was not taken; 
( 2 ) In using a f a i r l y simple model f o r generation 
of simulated v e s s e l s , srae r e a l i s m was l o s t -
vessels w i t h u n l i k e l y combinations of 
c h a r a c t e r i s t i c s were i n v o l v e d i n a number of 
the o f f e n d i n g encounters; 
( 3 ) A small number of these s i m u l a t i o n s h i g h l i g h t e d 
the need f o r an increased l e v e l o f s o p h i s t i c a t i o n 
i n the s t r a t e g y f o r r e c o g n i s i n g and ha n d l i n g 
encounter s i t u a t i o n s . S p e c i f i c a l l y , the f i x e d 
look-ahead, used t o assess the time t o i n i t i a t e 
avoidance manoeuvres, appeared inadequate i n 
c e r t a i n cases; an ongoing look-ahead, 
e x t r a p o l a t i n g at r e g u l a r i n t e r v a l s from 
c u r r e n t s t a t u s , seemed i n d i c a t e d t o ensure 
a c t i o n at the optimum t i m e . This i s considered 
t o be the most important development t o a r i s e 
from the m u l t i p l e s i m u l a t i o n e x e r c i s e , and 
w i l l form a c e n t r a l f e a t u r e of f u t u r e develop-
ments. 
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An Intelligent Knowledge Based System for 
Marine Collision Avoidance 
G K Blackwell, BXech. P G C E , B A Colley, Pho and C T Stockel, P H D 
Plymoulh Polyiechnic 
SYNOPSIS 
A prototype expert system for collision avoidance has been developed, incorporating the International Rules for 
Preventing Collisions at Sea. This system simulated an encounter between two vessels whose control/response 
characteristics were read into the system. A built-in rule structure evaluated the situation independently for each vessel 
at each time-step, advising the simulator module, which then calculated the relevant parameters and updated the 
knowledge base for each vessel; each vessel had access only to such information about the other as would be available 
through ships' instrumentation. A mutti-window screen display was used to show: tracks of the two vessels; current 
speed, direction and status information; options available; and a review of progress of the encounter, if requested, 
indicating reasons for decisions made. 
A theoretical evaluation, based on a sample of500 randomly-generated encounters, has shown this prototype to be 
highly efficient at handling most encounter situations; it has also identified areas for improvement in the decision 
making logic. 
A second prototype, incorporating various changes, differs in one major respect from the first: the rule base has been 
separated out from the program logic, leaving a content-free inference engine. Each rule is now defined explicitly in 
terms of description of current (new) status, antecedents and consequent action (generally a sequence, involving other 
rules). Planned extensions to the user interface will allow modification and extension of the rule base by competent 
persons. 
The expert system has been written in the 'C programming language, on a microcomputer system capable of 
operating in real-time on board ship. The prime objective of this work is to provide an expert advisor for mariners, 
capable of acting on sensory input from all available channels, including information provided by an operator via a 
keyboard, and advising on the preferred course of action. 
INTRODUCTION 
A rule-based approach is an essential prerequisite to the task 
of collision avoidance ai sea, whether or not computers are 
involved in the process. At first sight, it might seem that a 
simple procedural application of a standard set of rules, with 
consequent actions, would cover all requirements: indeed, all 
mariners are expected to abide by jusi such a sci of rules. 
Such a procedural approach has been used most effecuvcly 
in computer simulation of marine traffic flow and collision 
avoidance.' The effects of changes (eg in traffic volume) in 
high-density traffic lanes have been highlighted by such a 
model, and the technique has also been used lo good effect in 
training mariners. However, this approach lakes no account of 
the need for experience and common sense in applying these 
rules and, as such, is not a practical option in real-world 
situations. 
Tlic International Regulations for Preventing Collisions at 
Sea,^  although quite specific as far as iJiey go, do not in 
themselves give rigorous definitions of preconditions and 
con.scqueni actions. U is Icfi to liiemarincriotlccidcsuchdcuiils 
Marifune Cotnmunications ami Control 
|fc Murine .Ktfznagcrneni {UaUtin^s} I^FS 
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S«elor 3 - O.lOn m 
(a) Goodwin domain (example) 
Radius - 0 63n m 
Own- ih ip of«c«ofr«d by 8 dmgf* end 0 5*n 
(b) Davis domain (example) 
Fig. 3: Two examples of domain 
2. Identifying the type of encounter and the status of one's 
own vessel (own-ship) in thai encounter, according to the 
International Regulations for Preventing Collisions at 
Sea. Such status would normally be *stand-on' (having 
right of way) or *give-way*, according to one's position 
relative to the other vessel (subject to the types of vessel 
involved, fishing vessels and deep-draught vessels having 
right of way in many circumstances). 
3. Choosing a course of action which combines a sensible 
safely margin with the least practicable inconvenience 
(where own-ship is judged to be stand-on this will -
initially at least - mean no alteration of course). 
4. Maintaining a watching brief on the other vessel(s) in the 
encounter and being ready lo take avoiding action, if 
necessary, should the situation change - it is not unknown 
for 'rogue' vessels to disregard the regulations and plough 
straight on when they should give way, or even to turn into 
danger. 
A clear implication of such a code of conduct is the under-
standing that any other vessel encountered will be assumed lo 
be similarly 'well-behaved' until and unless proved otherwise. 
It should be noied, however, that the masters of two ves.sels 
involved in an encounter will not always have the same percep-
tion of, or response to, that encounter. It is also imperative at all 
limes to adopt a give-way .stance in relation to any hazard other 
than another vessel under control, for example, a derelict or a 
rock! 
C U R R F A I 1)1 \ I l O P M I \ l s 
An annotated example of the multi-window screen display 
generated by the prototype system is shown in Fig. 1. This 
display is substantially the same for both the current (second) 
protoi>'pc and the earlier version. This screen format is pro-
duced undci Uic GEM environment, which allows the u.se of 
windows and icons for display, and a mouse for user input. Such 
facilities will be utilised more fully in later developments. The 
MariluTU Communicaiions and Control 
system is written completely in the *C' programming language 
and, as yei, deals only with erKounters between two manned 
vessels moving subject to fairly idealised parameters in open 
sea, ie no resuic ted channels or routing systems and no fixed ob-
stacles. 
The first prototype compri.sed an 'expert system' module, a 
simulator module and a knowledge base for each of the two 
vessels, own-ship and hazard.'The package operated on lime-
steps of 20 seconds in real time, each simulated by approxi-
mately one second of computer lime. At each step, the expert 
system module would assess the status of own-ship by refer-
ence to its knowledge base, and set indicators in that knowledge 
base for action to be laken. The knowledge base for the hazard 
vessel would similarly be examined and flagged for subsequent 
action, independenUy, by the same expert system module. The 
dynamic information for each vessel in turn would then be 
updated by the simulator module, referencing the relevant 
parameters and also aciioning any staius flags set by the expert 
system in each case. As with a real situation, certain information 
on each ves.sel would be available to the master of ihc other ship 
via radar and other insuiimentation, so such information would 
be interchanged between the two knowledge bases by the 
simulator module. The essenual requirement of the expert 
system was to ensure that no hazard violated an area of proxim -
ity around the vessel, referred to as the 'domain' - the domain, 
and other associated concepts, are considered in detail later in 
this paper (Principles of Operation). 
The effectiveness of this first prototype has been evaluated 
by a multiple run of 500 simubted encounters, each generated 
as follows: two vessels, each with a random course, speed and 
turning circle (the latter two parameters being within specified 
bounds) were placed in close proximity to the extent that each 
was very likely to consider the other a hazard, according to their 
terms of reference. The two vessels, one designated own-ship, 
the other hazard-ship, were then effectively laken back ten 
minutes in time along their tracks, and ihe simulation was 
allowed to proceed from thai point - if an encounter situation 
already existed by that time, the time-reversal was extended to 
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rfectivc area around a ship which a navigator would like lo 
eep clear wiih respcci to oiher ships and siationary objccis'.* 
he original concept of three distinct circle sectors of differing 
idii for sidelights and stemlight was later modified to give a 
ontinuous circular domain boundary, with the ship off-centre 
1 the circle so as to preserve areas subtended by sidelights and 
tern light' This rationalisation was based on the logical 
ecessiiy for continuity of domain boundary (see Fig. 3). The 
irst objective of the currcnl expert system, and iis projected 
evelopmenis, is the protection of the integrity of the domain, 
n the prototype, this takes the simpUncd form of a circle 
enu-ed at own-ship. It is likely that future developments will 
ncorporaie the 3-secior domain, with 'fuzzy' (ie probabilily-
veighted) boundaries between the sectors. 
Based on observations of mariners manoeuvring to prevent 
nfringement of their domain by other vessels in the vicinity. 
Davis introduced a wider manoeuvring area, referred to as the 
uena.* Colley refined this concept to a time factor, considering 
he time-to-go (before anticipated domain infringement) ai 
vhich the mariner will assess the status of his vessel and take 
ippropriaie action.* This time factor was labelled the Range-to-
Domain/Range-Rate (RDRR). For example, on the basis of a 
;hip*s handling characteristics a mariner may choose to take 
iction 15 minutes before potential domain infringement, ie a 
15-minule RDRR. Konyn. in proposing a modified RDRR 
;riierion (RDRR+) makes allowance for reaction limes re-
quired to recognise and respond to different types of encounter.' 
The computer model uses the RDRR criterion as defined by 
"olley lo determine decision-time. Plans to switch to ihe 
RDRR+ criterion have been superseded by the perceived need 
foran ongoing look-ahead, a repealed forward-looking simula-
jon (within the simulation provided by ihe model) which 
should provide a variable RDRR value to suit the specific 
situation. This additional burden on processing time serves to 
emphasise the need for fast mathematical processing to ensure 
real-lime operation. 
An essential requirement of any collision avoidance ma-
noeuvre is that it must be clearly identifiable as such from 
another vessel. Although the computer could theoretically be 
used to 'optimise* (ie minimise) course changes purely on the 
baslsof'safeclearance* criteria, this would not, in general, meet 
the above requirement. Any manoeuvre undertaken at the 
direction of the expert system must be of sufficient magnitude 
(*a clear lum') and in good time to be seen from another vessel. 
ThecuTTent model uses a minimum lum of 30°. and a minimum 
RDRR criterion as defined as a parameter for each vessel -
typically 10 minutes, but varied lo suit the handling character-
istics of the vessel being simulated. 
The rules, as implemented, embody the International Regu-
lations for Preventing Collisions at Sea, plus clarification of 
specific practical details as observed by Colley and used most 
effectively in a previous simulation.® Using these rules, every 
collision avoidance manoeuvre is taken through four stages, as 
follows: 
1. When the RDRR criterion is infringed, the give-way 
vessel initiates a turning action. 
2. Once ihe required turn is effected (minimum 30°). the 
vessel ceases its turn. 
3. When the original heading may be resumed without fur-
ther risk ofdomain infringement (and any other conditions 
arc satisfied), alter-back is initiated, necessitating a lum in 
the opposite direction. 
4. When back on ilic original heading, the manoeuvre is 
terminated and the vessel proceeds on that heading. 
It should be noted that the function of the inference engine 
aieach time-step is to take the basic paramcicrs (speed, heading. 
Maritime Communications and Control 
position) provided by the simulator. From these it generates a 
standard set of further parameters - relative bearing, relative 
velocity, angle between relative bearing and relative heading 
etc - and applies ihe rules to them to ascertain which situation 
pertains to the next step. 
In the extended look-ahead mode, under development for use 
with a variable RDRR criterion, the system will, at regubr 
intervals, extrapolate from current data through the anticipated 
manoeuvre. Hence, iheoptimum time-lo-go for initiation of the 
appropriate collision avoidance strategy is identified. 
E X A M P L E S 
Figure 1 shows own-ship overtaking hazard from hazard's 
port quarter. 
Figure 4 shows a crossing encounter with own-ship giving-
way; a full review of the encounter has been requested. 
Irjcks of vessels Qotions 
• flevteM stjtos durini] eatouater 
Eoiirse displag of cotoanter 
y'" " N 
»11* '» 
A: Crassins - hdi«rd to 3t<rtra4rd. 
6ive-Hig - dlter to st^rtaurd . 
B: (It iMit JB-denree torn. Doxain 
not noM tbredtcfled. Hold cocrse 
C; Haiard IS* degrees to port frcm 
t a t t i i l heading. fllter-bKli. 
D: CcQTse ooM clear. 
Cootloulag on original heading. >' . i t . l . T a . . . 
OUM-SHIP SEPffiflMOl HflZBtD 
Spertf Coarse Stitos 1 Range Bearing line 1 Soeed Course Statos 
B.e SB B8 Llear I I.) ZB( S7 - 1 8.0 IIB BB ahead 
Fig. 4: Example of a crossing encounter with own-ship 
giving way 
Figure 5a shows a head-on encounter partway through; the 
status information gives details of the staius of own-ship (2nd 
stage of a head-on encounter), but only indicates thai the hazard 
ship has diverted from its original hcading-
Iracks of vessels Options 
Pevie> status during entounter 
[nl«rge display of encounter 
fl: Bead-on entounter. 
Give-MV * 'Iter to starboard . 
B: fit least IB-tJegree turn. Oonaio 
C01 no* threatened. Hold course 
CWll-SfllP SEPiSRIIDH Spftd Coorse Status I Hanct Bearing line I Speed Course Statos 
r.B l * r SB ntet-B I "i Sj' IB ~ I /.B ill 58 turoina 
Fig. 5a: Example of a head-on encounter, partway 
through 
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Table I : First part of data logging file for the run shown in Fig. 6, Including initial data Input 
data f o r own-ship 
Course:* ( i ) Degrees 
( i i ) Minutes 
Speed i n knots 
Turning c i r c l e (n.mls) 
P o s i t i o n : - X: 
P o s i t i o n : - y: 
Domain r a d i u s i n mis 











data f o r hazard 
Course '• -
s h i p 
Turning 
Range i n 
B e a r i n g : -
X Y COURSE SPEED TO GO X 
4.00 4. 00 47.00 4.00 ; 12. 14 ; 1. 88 
4.02 4. 02 47.00 4.00 1 11 81 : 1. 93 
4.03 4 . 03 47.00 4.00 ; 11. 47 ; 1. 99 
4.05 4 05 47.00 4.00 ; 11 14 : 2. 05 
4.07 4 06 47.00 4.00 ; 10 81 1 2. 10 
4.08 4 08 47.00 4.00 ; 10 47 ; 2. 16 
4. 10 4 09 47.00 4.00 ; 10 14 ! 2. 21 
NEW STATUS: own-ship: standon 
NEW STATUS: hazard s h i p : pa3s0_A 
4. 11 4 . 11 47.00 4.00 ; 9 .81 ; 2 27 
4.13 4 . 12 47.00 4.00 ; 9 . 88 ; 2. 33 
4-15 4 . 14 47.00 4.00 1-60 .00 : 2 40 
4 . 16 4 . 15 47 .00 4.00 ;-60 .00 : 2 48 
4. 18 4 . 17 47.00 4.00 ;-60 .00 ; 2 56 
4. 20 4 . 18 47.00 4.00 ;-60 .00 ; 2 64 
4.21 4 .20 47.00 4.00 1-60 .00 ; 2 73 
( i ) Degrees 
( i i ) Minutes 
Speed i n knots 
c i r c l e (n.mls) 
n a u t i c a l m i l e s 
( i ) Degrees 
( i i ) Minutes 
HAZARD 
Y COURSE SPEED 













































































via RS232 communication links which are currently being 
set up. This simulator allows up to 4 bridge teams each to 
control a simulated vessel. Experienced mariners, each at 
the 'helm' of a simulated vessel, will be able to judge the 
expert system's handling of various encounter situations, 
viewing the system effectively as another helmsman. 
The system is to be installed in the Polytechnic's own 
research vessel for comprehensive sea trials. It may also 
be possible to install the system in other vessels, to give a 
wider range of trial situations. 
CONCLUSIONS 
On the basis of developments so far, the feasibility of the 
project seems assured from thecomputing standpoint. The anti-
collision model has shown the viability of the proposed prod-
uct; the rule base has been enhanced on the basis of tests of the 
system; and clear pointers have been given regard i ng directions 
for future development. 
This paper has not given consideration to the nature and 
quality of data provided by sensory inputs, such as radar. Any 
inferences drawn by the system will, of course, be totally 
depcndenton such data in termsof reliability. Confidencelimiis 
will have to be set on such inferences, having first ensured 
optimum usage of such sensory data as is available. This could 
well involve cost factors, since the level of sophistication of 
Maritime Corrwumications and Control 
instrumentation used will be largely determined by target price. 
Information not thus directly available lo the system may still, 
of course, be input by the operator via the keyboard. 
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Simulation of a marine guidance and expert collision 
avoidance system 
R. S. Burns, G. K. B l a c k w e l l and K. K. M i l l e r 
Ship C o n t r o l Group, Plymouth P o l y t e c h n i c , 
PlyiTDUth, Devon, U.K. 
BSTRACT 
One o f the major problems t h a t stands i n the way 
)f the f u l l y automated s h i p i s t h a t o f s a f e guidance 
;n and o u t o f p o r t . TMs paper addresses t h e problem 
3f automatic guidance and c o l l i s i o n avoidance, and 
Jraws upon the work undertaken over a number o f years 
3y the Ship C o n t r o l Group a t Plynouth P o l y t e c h n i c , 
J.K., i n terms o f s j j n u l a t i o n , p r o t o t y p e model t e s t i n g 
and f u l l - s c a l e system i n p l e m e n t a t i o n . 
Techniques t o model and s i m u l a t e t h e dynamic 
behaviour of a s u r f a c e vessel are presented, t o g e t h e r 
w i t h s i m u l a t e d and a c t u a l r e s u l t s o f an o p t i m a l s h i p 
guidance system. "nie problem o f c o l l i s i o n avoidance 
i n p o r t approaches i s t a c k l e d using an e x p e r t system. 
S i n u l a l t i o n r e s u l t s from a p r o t o t y p e system are 
g i v e n . F i n a l l y , the paper considers the need f o r an 
expert c o n t r o l l e r t o p r o v i d e i n t e g r a t e d a u t a r a t i c 
guidance and c o l l i s i o n avoidance. 
Although o v e r a l l standards o f s a f e t y a t sea are 
v e r y good, t h e af^sroaches t o a p o r t , where t r a f f i c 
d e n s i t y i s i n t e n s e , may be considered a h i g h r i s k 
area. I t has been shown f o r exanple (Coldwel) 1981) 
i n the Hurrbcr Seaway, where t h e r e are 100 t r a f f i c 
movements per day, t h a t t h e r e i s a t l e a s t one 
c o l l i s i o n o r g r ounding per week. I n a d d i t i o n , t h e r e 
i s the human element t o consider. I t has been 
h i g h l i g h t e d (Panel on Hunan E r r o r 1976) t h a t 85 
percent o f a l l marine c o l l i s i o n s and groundings are 
due t o human e r r o r . 
•niis suggests t h a t t h e r e i s a need f o r a u t o r r a t i c 
guidance and c o l l i s i o n avoidiance systents f o r marine 
v e h i c l e s i n c c n f i n e d waters. As e l e c t r o n i c 
n a v i g a t i o n a i d s become more s o p h i s t i c a t e d and on-
board c o r p u t e r systems become more a v a i l a b l e , the 
concept o f t h e f u l l y automatic s h i p becomes a 
t a n g i b l e r e a l i t y , arv3 i t i s p r e d i c t e d t h a t above 50 
percent o f t h e world's shipping w i l l be f u l l y 
automated by t h e t u r n o f the century. 
The work presented i n t h i s paper i s concerned 
w i t h the simulatiOT of a marine guidance and 
c o l l i s i o n avoidance systan. A s h i p i s considered t o 
be a r r u l t i v a r i a b l e system t h a t ray be c o n t r o l l e d by 
f o r m u l a t i n g an o p t i r v a l p o l i c y t h a t seeks t o maximise 
the r e t u r n from the system f o r a mininum c o s t . ITie 
o p t i m a l guidance system t h e r e f o r e c o n t r o l s 
s i r r u l t a n e o u s l y t h e p o s i t i o n , heading and speed o f the 
v e s s e l . I n a d d i t i o n , a rule-based e x p e r t s y s t e n i s 
s i n u l a t e d t o handle sensory data i n p u t , and t o make 
c o l l i s i o n avoidance d e c i s i o n s based upon the 
I n t e r n a t i o n a l Regulations f o r p r e v e n t i n g C o l l i s i o n s 
a t Sea (1981). 
SHIP HATHEMATICAL HCDEL 
A l l moving r i g i d bodies c o n t a i n s i x degrees o f 
freedan. I n t h i s paper the s h i p i s consicJered t o be 
a r i g i d body w i t h t h r e e degrees o f freedom, namely 
surge, sway and yaw. Ship motions i n heave, p i t c h and 
r o l l are considered s i r a l l enough t o be n e g l e c t e d . I t 
i s convenient t o d e s c r i b e the motion i n terms of a 
moving s y s t e n o f axes c o i n c i d e n t w i t h the mass c e n t r e 
o f the h u l l , which g i v e s r i s e t o an E u l e r i a n s e t o f 
e q u a t i o n s o f motion. 
I t i s necessary t o o b t a i n the hydtodynanic surge 
and sway f o r c e s togethier w i t h the yaw morrents a c t i n g 
on t h e h u l l . These may be considered as f u n c t i o n s 
o f : 
( i ) P r o p e r t i e s o f the s h i p e.g. l e n g t h and h u l l 
geometry. 
( i i ) P r o p e r t i e s o f motion e.g. v e l o c i t y . 
( i i i ) P r o p e r t i e s o f the f l u i d e.g. d e n s i t y o f sea 
water. 
These may be reduced t o a u s e f u l m a t h e n a t i c a l 
form by the use o f T a y l o r ' s expansion for a f u n c t i o n 
o f s e v e r a l v a r i a b l e s (Abkowitz 1964). I t has been 
shown (Bums e t a l . 1985) t h a t t a k i n g o n l y the l i n e a r 
terms from the expansion i s i n s u f f i c i e n t t o d e f i n e 
t h e s h i p a c c u r a t e l y . Non-linear terms t h a t g i v e r i s e 
t o more than 10% o f the g l o b a l f o r c e or moment were 
co n s i d e r e d o f najor i n p o r t a n c e , and i n c l u d e d i n t h e 
e q u a t i o n s e t . 
T^ie s t a t e vector x { t ) chosen t o represent the 
vessel c o n t a i n s the f o l l o w i n g s t a t e v a r i c i b l e s : 
1. A c t u a l rudder angle 
2. A c t u a l engine speed 
3. Forward p o s i t i o n 
4. Forward v e l o c i t y 
5. L a t e r a l p o s i t i o n 
6. L a t e r a l v e l o c i t y 
7. Heading 
8. Yaw r a t e 
The f o r c i n g vector u ( t ) c o n t a i n s t h e f o l l o w i n g 
v a r i a b l e s : 
a. Demanded rudder angle 
b. Demanded engine speed 
c. Component o f c u r r e n t speed i n surge 
d i r e c t i o n 
d. Component o f c u r r e n t speed i n sway d i r e c t i o n 
e. Ccnpooent o f wind speed i n surge d i r e c t i o n 
f . Corponent o f wind speed i n sway d i r e c t i o n 
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From these e i g h t s t a t e s a s e t o f f i r s t - o r d e r 
d i f f e r e n t i a l equations can be used t o d e f i n e t h e 
s h i p . 
x ( t ) = F ( t ) x ( t ) + G l t ) u ( t ) ( 1 ) 
I t i s convenient t o p a r t i t i o n G m a t r i x i n t o t h e 
c o n t r o l f o r c i n g f u n c t i o n s G and t h e d i s t u r b a n c e 
f o r c i n g f u n c t i o n s G^ 
x ( t J = F ( t l x ( t ) + G ^ ( t ) u ( t ) + G p t t ) w ( t ) (2) 
The corresponding d i s c r e t e t i m e s o l u t i o n i s : 
x { k + l ) = A<k,k+l)x(»t) + B ( k , k + l ) u ( k ) + C ( k , k + l ) w ( k ) 
( 3 ) 
Equation ( 3 ) rray be used i n a r e c u r s i v e iranner 
CO s i n n j l a t e t h e passage o f a vessel when t h e c o n t r o l 
v e c t o r u ( k l and the d i s t u r b a n c e v e c t o r w(k) are 
known. 
F i g u r e 1 shows a t u r n i n g c i r c l e s i m u l a t i o n o f a 
f a s t c argo s h i p o f displaceinent 17,100 tormes. I n 
t h e s i n w l a t i o n t h e speed o f approach i s 15 k n o t s arxi 
20 degrees o f s t a r b o a r d rudder has been a p p l i e d . 
f u n c t i o n or performarice index. T h i s i s based upon 
t h e summation o f the weighted e r r o r s over some t i m e 
i n t e r v a l , say, t h e t i i n e t o c o n p l e t e the p i l o t a g e 
phase o f t h e voyage. I n a d d i t i o n t o m i n i m i z i n g t h e 
e r r o r s i n t h e o u t p u t parameters, t h e o p t i m a l 
c o n t r o l l e r a t t e n p t s t o minimize a l s o t h e c o n t r o l 
e f f o r t , i . e . t o keep t o a mininuia t h e rudder and 
e i i g i n e a c t i v i t y . The c o s t f u n c t i o n i s u s u a l l y s t a t e d 
i n t h e f o l l o w i n g q u a d r a t i c terms: 
{ ( x - r ) * ^ Q ( x - r ) + u ' ^ J d t (4) 
Q and R a r e u s u a l l y d i a g o n a l m a t r i c e s and the 
values o f t h e i n d i v i d u a l elements r e f l e c t t h e 
in?iortance o f t h e paraineter b e i n g c o n t r o l l e d . For 
example, i n a t r a c k changing iranoeuvre, l a r g e course 
e r r o r s w i l l be i n c u r r e d . I f the t r a c k - k e e p i n g 
e l e n e n t s i n t h e Q n a t r i x a r e weighted more h e a v i l y 
than the course-keepirvg terms, t h e n t h e m a j o r i t y o f 
t h e c o n t r o l e f f o r t w i l l be expended i n r e d u c i n g t h e 
crack e r r o r , a t the expense o f t h e course d e v i a t i o n . 
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by o p e r a t i o n o f t h e r u d d e r ( s } and main e n g i n e ( s ) . A 
f e a t u r e o f an o p t i r r a l system i s t h a t i t w i l l seek t o 
minimize a g l o b a l paraTCt^er J , c a l l e d t h e c o s t 
f e r r v i n . ' > ^ ^ t P P ^ ~ * ^ ^ , i ° f o ^ ^ ^ 
t r a c k - k e e p u i g i s most n e a v i i y r e d u c t i o n i n 
Che heading and for«rd SE«ed 1 ^ ^ ^ ^ ^ ^ „ ^ 
ilZr.tJ^n. " s ^ cl..Vo\ l o . - dispensed 
w i t h a l t o g e t h e r . 
6 8 
t 
F i g u r e 3 








Ufitilt»ftd ptsitieo mMurtm»ntA 
J I 1 1 L 
72 '30 '«« 
r in tnttr»t I'O* 
F i g u r e 4 
F i l t e r e d J t a c k _ a t _ N i a l l t 
2t6 26*. 
easurement and S t a t e E s t i m a t i o n 
I n F i g u r e 3 i t i s assumed t h a t a l l the s t a t e 
- a r i a b l e s can be measured w i t h c o n p l e t e accuracy, 
a i n a v i g a t i o n a l instruments c o n t a i n measurement 
»rrors and a best e s t i m a t e can be ob t a i n e d by 
i n c o r p o r a t i n g a mininun variance or Kalinan-Bucy 
: i l t e r . These have been developed e x t e n s i v e l y f o r 
aerospace, and l a t t e r l y marine n a v i g a t i o n (Dove e t 
a l . 1985) 
The Kalman f i l t e r i s a r e c u r s i v e c c R f x i t a t i o n a l 
a l g o r i t h m which works i n a p r e d i c t o r - c o r r e c t o r 
nanner. The c u r r e n t b e s t e s t i i r a t e o f the s t a t e v e c t o r 
x ( k l i s used t o d r i v e the mathematical model o f t h e 
s h i p i n r e a l t i m e t o p r e d i c t t h e s t a t e o f t h e vessel 
a t time ( k + 1 ) . The p r e d i c t i o n s a r e compared w i t h t h e 
iTieasur«rients and m u l t i p l i e d by t h e Kaltran g a i n m a t r i x 
t o o b t a i n t h e b e s t e s t i i r a t e x ( k + l ) . 
I n d e t e r m i n i n g the val u e o f t h e g a i n m a t r i x , 
c o r ^ i d e r a t i o n has t o be g i v e n t o rreasureirent e r r o r s . 
These a r e assumed t o be random w i t h a Gaussiein 
d i s t r i b u t i o n , and are s t a t e d i n terms o f a co-
va r i a n c e m a t r i x . 
F i g u r e 4 shows t h e s i n u l a t i o n o f a t y p i c a l 
passage i n t o t h e p o r t under n i g h t - t i m e c o n d i t i o n s . 
The s i m u l a t i o n assumes t h a t p o s i t i o n a l d ata i s b e i n g 
r e c e i v e d from a Decca Navigator u s i n g a standard 
d e v i a t i o n o f 200 m. I t i s seen t h a t t h e t r u e and 
f i l t e r e d t r a c k s are almost c o i n c i d e n t . 
THE COIXISION AVOIDANCE PROBLEM 
A rule-based approach i s an e s s e n t i a l p r e -
r e q u i s i t e t o t h e cask o f c o l l i s i o n avoidance a t sea, 
whether or not c o r ^ x j t e r s a r e i n v o l v e d i n t h e process. 
At f i r s t s i g h t , i t might seem t h a t a simple 
p r o c e d u r a l a p p l i c a t i o n o f a s t a n d a r d s e t o f r u l e s , 
w i t h consequent a c t i o n s , would cover a l l 
requirements; indeed, a l l i i a r i n e r s a r e expected t o 
abide by j u s t such a s e t o f r u l e s . 
Such a p r o c e d u r a l a [ ^ r o a c h has been used most 
e f f e c t i v e l y i n con^juter s i m u l a t i o n o f marine t r a f f i c 
f l e w and c o l l i s i o n avoidance. <Colley e t a l . 1984) 
The e f f e c t s o f changes (e.g. i n t r a f f i c volume) i n 
high-<3ensity t r a f f i c l a n e s have been h i g h l i g h t e d by 
such a model, and t h e technique has a l s o been used t o 
good e f f e c t i n t r a i n i n g mariners. However, t h i s 
approach ta k e s no account o f the need f o r experience 
and coreron sense i n a p l y i n g these r u l e s and, as such, 
i s not a p r a c t i c a l o p t i o n i n r e a l - w o r l d s i t u a t i o n s . 
The I n t e r n a t i o n a l Regulations f o r Preventing 
C o l l i s i o n s a t Sea, a l t h o u g h q u i t e s p e c i f i c as f a r as 
they go, do not i n themselves g i v e r i g o r o u s 
d e f i n i t i o n s o f p r e c o n d i t i o n s and consequent a c t i o n s . 
I t i s l e f t t o t h e mariner t o decide such d e t a i l s as 
t i m i n g , c l e a r a n c e s , and s u i t a b l e course a l t e r a t i o n s ; 
such d i s c r e t i o n comes w i t h years o f accumulated 
experience and wisdcm. One must a l s o c o n s i d e r 'non-
standard' s i t u a t i o n s , p a r t i c u l a r l y those i n v o l v i n g 
more than two v e s s e l s which c o u l d n o t a l l be 
adequately coveted by any reasonable r e f e r e n c e g u i d e . 
C l e a r l y , i t i s p o s s i b l e t o p r o v i d e ' r u l e s o f 
thunb* f o r s p e c i f i c t y p e s o f s i t u a t i o n , and t o add 
supplementary r u l e s f o r v a r i a t i o n s i n these 
s i t u a t i o n s . Such a r u l e s t r u c t u r e would be founded 
on t h e p r e v i o u s l y mentioned a n t i - c o l l i s i o n 
r e g u l a t i o n s , would i n c o r p o r a t e t h e accumulated wisdom 
o f e x p e r t n a r i n e r s and would, p r e s u r a b l y , a l s o be 
t a i l o r e d t o r e f l e c t t h e response c h a r a c t e r i s t i c s o f 
th e s y s t e n o p e r a t i n g t h a t r u l e s t r u c t u r e - speed o f 
response, b r e a d t h o f i n f o r m a t i o n a v a i l a b l e t o t h e 
system and p o s s i b l e consequence of misjudgeirent 
( c o n f i d e n c e l i i n i t s ) . 
An e x p e r t system as described would r e q u i r e 
access t o two types o f i n f o r m a t i o n , s t a t i c and 
dynamic. S t a t i c i n f o r m a t i o n r e l a t e s t o f i x e d 
c h a r a c t e r i s t i c s o f t h e vessel - l e n g t h , bea.Ti, maxitium 
speed, minirrum t u r n i n g c i r c l e , s a f e c l e a r i n g 
d i s t a n c e , and a v a r i e t y o f t e c h n i c a l data (sane 
p o s s i b l y s p e c i f i c t o c u r r e n t voyage). Dynamic 
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i n f o n r a t i o n , t o be c o r i s t a n t l y updated, would i n c l u d e 
such c o n s i d e r a t i o n s as c u r r e n t speed and course, plus 
data on p o s i t i o n , speed and course o f any p o t e n t i a l 
hazards i n t h e v i c i n i t y . Such i n f o r m a t i o n must, by 
i t s n a t u r e , be i n p u t t o the system d i r e c t l y v i a a 
range o f sensors, i n c l u d i n g such i n s t r u m e n t a t i o n as 
radar. 
Such an i n t e l l i g e n t response system should be 
capable o f e v a l u a t i n g an encounter betvfeen two or 
[tore v e s s e l s from t h e s t a n d p o i n t o f an experienced 
i r a r i n e r , and t a k i n g ( o r a d v i s i n g ) a p p r o p r i a t e a c t i o n . 
On being p r o v i d e d w i t h t h e i n f o r n a t i o n n o n r a l l y 
a v a i l a b l e on t h e b r i d g e o f a well - e q u i p p e d s h i p , t h i s 
system should be capable o f : 
(a) Recognising an encounter { p o t e n t i a l hazard) 
s i t u a t i o n i r good t i m e ; 
(b) I d e n t i f y i n g t he type o f encounter and the 
s t a t u s o f one's own vessel (own-ship) i n 
t h a t encounter, a c c o r d i n g t o the 
I n t e r n a t i o n a l R e g u l a t i o n s f o r Preventing 
C o l l i s i o n s a t Sea - such s t a t u s would 
n o n r a l l y be e i t h e r * stand-on' (having r i g h t 
o f way) o r 'give-way', according t o one's 
p o s i t i o n r e l a t i v e t o the othe r vessel 
( s u b j e c t t o types o f vessel i n v o l v e d , 
f i s h i n g v e s s e l s and deep-dratjght vessels 
having r i g h t o f way i n many c i r c u i r s t a n c e s ) ; 
( d ) The screer. d i s p l a y i s updated t o show the 
new c u r r e r : ! s i t u a t i o n . 
The f i r s t p rocccype (Blac k w e l l e t a l . 1987) 
co n t a i n e d t h e d e c t s i c n - r a k i n g l o g i c £or t h e e x p e r t 
system module i n such a form t h a t t h e r u l e s were 
'hard-wired' i n t o t b e program code. W h i l s t adequate 
f o r an i n i t i a l t e s t - t o e d , t h i s approach was u n s u i t e d 
t o a f l e x i b l e , e x p anding r u l e base a s envisaged a t 
the o u t s e t o f t h i s paper. The second p r o t o t y p e 
i n c o r p o r a t e s a c o n t e n t - f r e e ' i n f e r e n c e engine' 
a c t i o n i n g a s e t o f r u l e s which f o r m a ' d e c i s i o n 
network" - see F i g u r e 5. Ttiese r u l e s are h e l d as a 
set o f nodes, o r o b j e c t s , each c c j i p r i s i n g a s i n p l e 
boolean d e c i s i o n f u r x r t i o n , p o i n t e r s t o two o t h e r 
nodes, and s i x o t r e r r e l e v a n t parameters d e f i n i n g 
consequent a c t i o n , r^* most s i g n i f i c a n t o f these a r e 
th e two f l a g s , o r e f o r each o f the ' c h i l d nodes', 
i n d i c a t i n g whether t h a t node i s t o be a c t i o n e d 
ijranediately o r a t t h e next t i r r e - s t e p ( s o l i d and 
d o t t e d l i n e s r e s p e c t i v e l y i n Figure 5 ) . This form o f 
s t r u c t u r e a l l c v - s f o r t h e i n f e r e n c e / d e c i s i o n network 
t o be expanded and enriched t o cuiy degree o f 
s o p h i s t i c a t i o n . A s i m p l e extension w i l l a l s o p e r m i t 
' b a c k t r a c k i n g ' t o e x p l a i n the d e c i s i o n process a t any 
st a g e , and p a r a l l e l processing i s a c l e a r p o s s i b i l i t y 
w i t h o u t major changes-
(c ) Choosing a course o f a c t i o n which corbines 
a s e n s i b l e s a f e t y margin w i t h t h e le a s t 
p r a c t i c a b l e inconvenience (where own-ship 
i s judged t o be stand-on, t h i s w i l l -
i n i t i a l l y a t l e a s t - rrean no a l t e r a t i o n of 
cou r s e ) ; 
(d) M a i n t a i n i n g a watchi n g b r i e f on the other 
v e s s e l ( s ) i n the encounter, and being ready 
t o take a v o i d i n g a c t i o n i f necessary, 
should t h e s i t u a t i o n change - i t i s not 
unknown f o r ' rogue' v e s s e l s t o d i s r e g a r d 
t h e r e g u l a t i o n s and plough s t r a i g h t on when 
they should g i v e way, or even t o t u r n i n t o 
danger. 
OOLLISION AVOIDANCE S I W I A T I C N 
The siiTulation package i n c u r r e n t use i s a t the 
'second p r o t o t y p e ' stage. The package ccn?>rises a 
s i r u l a t o r module, d r i v i n g each o f two vessels (own-
s h i p and hazard v e s s e l ) independently on the 
knowledge bases f o r each o f the two ve s s e l s . At 20 
second i n t e r v a l s , s h i p t i m e ( s i m u l a t e d by 1/2 second 
i n t e r v a l s i n r e a l t i r r e ) t h e f o l l o w i n g sequence i s 
c a r r i e d o u t : 
(a) C e r t a i n m i n i i r a l i n f o r m a t i o n , as would be 
a v a i l a b l e v i a i n s t r u r c n t a t i o n (speed, 
course, r e l a t i v e p o s i t i o n ) i s connunicated 
from the knowledge base o f each s h i p t o the 
knowledge base o f t h e o t h e r ; 
( b ) The exp e r t system module considers the 
c u r r e n t s t a t e o f each vessel independently, 
s e t t i n g s t a t u s i n d i c a t o r s f o r consequent 
a c t i o n , t o be c a r r i e d out by the siiruJlator 
module; 
(c ) TTie s i m u l a t o r module updates the p o s i t i o n , 
speed, and course i n f o r m a t i o n f o r each 
vessel i n t u r n , w i t h due regard f o r t h e 
' recOTfrendations" o f the ex p e r t system w i t h 
respect t o t h a t v e s s e l ; 
COLLISION fIVOIDfiHCE - DECISION NETWORK 
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OOLLISION AVOinmCE - D E C I S I W NEIWDRK 
OPERATigJ OF EXPERT SYSTEM MODULES 
As o u t l i n e d i n the p r e v i o u s s e c t i o n 
p r o t o t y p e package d r i v e s two s i n u l a t e d vessels 
w i t h i t s own o p e r a t i o n a l parameters, and 
( i n d e p e n d e n t l y ) s u b j e c t t o the same expert 
module. As a consequence, both v e s s e l s a c t i n 
accordance w i t h t h e a n t i - c o l l i s i o n r e g u l a t i o n s , and 
t h e r e i s no l i k e l i h o o d o f one v e s s e l having t o take 
e v a s i v e a c t i o n a t a l a t e stage t o d e a l w i t h non-
c o - o p e r a t i o n by t h e o t h e r . I n the near f u t u r e , i t i s 
inte n d e d t o model t h e two s h i p s on separate 
ctDiTputers, i n t e r a c t i n g v i a a c c r m j n i c a t ions l i n k ; an 
a d d i t i o n a l f e a t u r e o f such a systeca would be the 
p r o v i s i o n o f a rranual o v e r r i d e on one o f the s h i p s -
the hazard - t o enable t e s t i n g o f an e x t e n s i o n o f the 






At the present phase o f development, the r u l e 
a s e c o n s i s t s o f r u l e s f o r : 
1. I d e n t i f y i n g t he presence o f a p o t e n t i a l 
hazard, and assessing t h e degree o f t h r e a t 
i n terms o f expected time t o i n f r i n g e r e n t 
o f the d o r a i n - t h i s t i m e f a c t o r i s c e n t r a l 
t o t h e d e c i s i o n on when t o t a k e a v o i d i n g 
a c t i o n , i f necessary. 
2. I d e n t i f y i n g t he type o f encounter, 
i n c l u d i n g s e v e r a l v a r i a n t s i n scene cases 
( t h e p r i m a r y t y p e s o f encounter b e i n g head-
on, c r o s s i n g and o v e r t a k i n g ) , and f i x i n g 
t h e s t a t u s o f own-ship and t h e perceived 
s t a t u s o f hazard-ship i n t h e encounter. 
3. N e g o t i a t i n g t h e stages o f the encounter, 
w i t h due regard f o r a p p r o p r i a t e s a f e t y 
i r a r g i n s . 
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SIMULATION RESULTS 
Fiqure 6 shows a c o r p l e t e d head-on encounter. 
Note t h a t the s t a t u s o f own-ship i s kncwn i n d e t a i l , 
but hazard s h i p i s known o n l y t o be changing course. 
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F i o u r e 6 
Exanple o f a Conpleted Head-on Encounter 
F i q u r e 7 
Cwn Shi p being Overtaken by Hazard v e s s e l 
ANALYSIS OF SIMULATION RESULTS 
The e f f e c t i v e n e s s o f t h e present r u l e s t r u c t u r e 
has been e v a l u a t e d by a i r u l t i p l e r un o f 500 s i m j l a t e d 
encounters. The r e s u l t s o f t h i s e x e r c i s e are shown 
i n t h e bar c h a r t i n F i g u r e 8. 
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F i g u r e 8 
comparison o f CPA's f o r a Random Sanple 
o f 500 Encounters 
F i g u r e 7 shm.-s an o v e r t a k i n g manoeuvre when own-
s h i p i s t o s t a r b o a r d o f hazard v e s s e l . Here o m s h i p 
t u r n s s t a r b o a r d on the sane heading, but p a r a l l e l 
t r a c k o f t h e hazard s h i p , and then t u r n s t o p o r t on 
o r i g i n a l course, passing ahead o f hazard v e s s e l . 
The r e s u l t s o f t h i s n u l t i p l e s i n u l a t i o n 
i l l u s t r a t e t h a t , i n the l a r g e [ n a j o r i t y o f cases, 
p o t e n t i a l domain v i o l a t i o n s were avoided by t h e 
e x p e r t system i n v o k i n g a p p r o p r i a t e c o l l i s i o n 
avoidance s t r a t e g i e s ; moreover, t h e manoeuvres 
i n v o l v e d d i d n o t , i n the r a i n , i n v o l v e excessive 
course a l t e r a t i o n s - c l o s e s t p o i n t o f approach (CPA) 
s e p a r a t i o n s f o r these manoeuvres a r e c l e a r l y bunched 
j u s t o u t s i d e t h e d o r a i n boundary. However, a s i r a l l 
number o f t h e encounters s t i l J show CPA's w i t h i n t h e 
domain boundary - t h i s i s c l e a r l y unacceptable. — 
reasons f o r t h i s a r e considered t o be t h r e e f o l d : 
The 
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1 . The r u l e base i n t h e i n i t i a l e x p e r t system 
module was shorn t o have c e r t a i n ' b l i n d 
s p o t s ' , i n which each v e s s e l assessed the 
o t h e r as t h e give-way v e s s e l , and t h e 
r e q u i r e d avoidance a c t i o n was n o t t a k e n ; 
2. I n u s i n g a f a i r l y s i i r p l c model f o r 
g e n e r a t i o n o f s i m u l a t e d v e s s e l s , some 
r e a l i s m was l o s t - v e s s e l s w i t h u n l i k e l y 
c a n b i n a t i c r s o f c h a r a c t e r i s t i c s \«ere 
i n v o l v e d i n a nun4>er o f t h e o f f e n d i n g 
encounters; 
3. A small nunber o f these s i m u l a t i o n s 
h i g h l i g h t e d the need f o r an i n c r e a s e d l e v e l 
o f s o p h i s t i c a t i o n i n t h e s t r a t e g y f o r 
r e c o g n i s i n g and h a n d l i n g encounter 
s i t u a t i o n s . S p e c i f i c a l l y , t h e f i x e d l o o k -
ahead, used t o assess t h e t i m e t o i n i t i a t e 
avoidance manoeuvres, appeared inadequate 
i n c e r t a i n cases; an o r ^ o i n g look-ahead, 
e x t r a p o l a t i n g a t r e g u l a r i n t e r v a l s f r o m 
c u r r e n t s t a t u s , seemed i n d i c a t e d t o ensure 
a c t i o n a t the optinum t i m e . T h i s i s 
considered t o be t h e most i i r p o r t a n t 
development t o a r i s e from t h e m u l t i p l e 
s i n w i a t i o n e x e r c i s e , and w i l l form a 
c e n t r a l f e a t u r e o f f u t u r e developtnents. 
AUTOMATIC GUIDANCE AND CXUSION AVOIDANCE 
At p r e s e n t , the c o l l i s i o n avoidance system 
d e s c r i b e d i n t h i s paper a c t s as an e x p e r t a d v i s o r . 
The next stage o f development i s t o l i n k t h e guidance 
and c o l l i s i o n avoidance systems t o g e t h e r t o form an 
e x p e r t c o n t r o l l e r . The advent o f such systems s h o u l d 
be viewed along-side recent advances i n Vessel 
T r a f f i c systems ( v r S ) . Discussions i n t h e 
I n t e r n a t i o n a l Maritime O r g a n i s a t i o n <IMO) and t h e 
European Economic Ccrmunity (EEC) have c o n t r i b u t e d t o 
a g l o b a l d i a l o g u e on the f u t u r e aims and o b j e c t i v e s 
o f VTS. 
The c h a l l e n g e f a c i n g t h e m a r i t i m e w o r l d over 
t h e next decade w i l l be t h e i n p l e m e n t a t i o n o f VTS i n 
a l l i r a j o r p o r t s , using advanced s u r v e i l l a n c e and 
conmunication techniques, t o g e t h e r w i t h shipborne 
a u t o m a t i c guidance arid c o l l i s i o n avoidance systems. 
Such systems w i l l increase t h e e f f i c i e r r c y o f p o r t 
o p e r a t i o n and a t the same time improve s a f e t y l e v e l s , 
p a r t i c u l a r l y i n poor weather c o n d i t i o n s . 
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An e x p e r t s y s t e m ( E . S . ) s h o u l d be c a p a b l e of 
makine r a t i o n a l d e c i s i o n s o r i n f e r e n c e s , b a s e d 
on a v a i l a b l e i n f o r m a t i o n . One common p l o y i n 
E.S. a p p l i c a t i o n s i s t h e 'What i f . . ' s t r a t e g y : 
t h e c o n s e q u e n c e s of a p a r t i c u l a r a c t i o n a r e 
f o l l o w e d through to t h e i r l o g i c a l c o n c l u s i o n , 
w h i c h i s t h e n a s s e s s e d : t h e o r i g i n a l a c t i o n i s 
t h e n Judged on t h e b a s i s o f i t s f i n a l outcome. 
I n many r e a l - t i m e c o n t r o l s y s t e m s . i t i s n o t 
p o s s i b l e t o p r e d i c t f u t u r e e v e n t s d i r e c t l y : 
c i r c u m s t a n c e s i n a f u t u r e t i m e - f r a m e may o n l y 
be e v a l u a t e d by m o d e l l i n g th e i n t e r v e n i n g 
s t a t e s w i t h i n t h e E.S., and f o l l o w i n g t h r o u g h 
t h e d e c i s i o n p r o c e s s f o r e a c h o f t h o s e s t a t e s . 
The a u t h o r s a r e c o n c e r n e d wi 
a r e a l - t i m e e x p e r t s y s t e m f o 
a v o i d a n c e . A major f a c t o r i 
by t h i s E .S. h a s been the 
c o l l i s i o n ( o r n e a r - m i s s ) 
h a z a r d . I n the i n i t i a l v e r s 
be a s s i g n e d a s e t v a l u e , 
p e r f o r m a n c e c h a r a c t e r ! s t i c 
c r i t i c a l v a l u e was r e a c h e d , 
a s s e s s the s i t u a t i o n and a c t 
t h d e v e l o p m e n t of 
r m a r i n e c o l l i s i o n 
n d e c i s i o n - m a k i n g 
p r o j e c t e d t ime t o 
w i t h a p o t e n t i a l 
i o n . a s h i p would 
a c c o r d i n g t o i t s 
s: when t h a t 
t h e E.S. would 
a c c o r d i n g l y . 
I n t h e l i g h t of r e s u l t s from ( s i m u l a t e d ) t e s t 
r u n s . the s y s t e m h a s been e n h a n c e d by i n c o r p -
o r a t i n g a p e r i o d i c l o o k - a h e a d s i m u l a t i o n . a s 
d e s c r i b e d above. At e a c h t i m e - s t e p , t h e l i n e a r 
p r e d i c t i o n of time t o c o l l i s i o n / n e a r - m i s s i s 
F i g u r e I . 
u s e d a s a f i r s t e s t i m a t e o f t ime f o r a c t i o n ; 
from a p r e d e t e r m i n e d ' s a f e o u t e r l i m i t ' 
back, m u l t i p l e s i m u l a t i o n r u n s w i t h i n t h e E . S . 
model p o s s i b l e manoeuvres u n t i l a c r i t i c a l 
t i r a e - t o - g o i s r e a c h e d . E a c h s i m u l a t i o n run 
c o n s i s t s o f a c o m p l e t e s e q u e n c e of e v e n t s , 
from i n i t i a t i n g a t u r n u n t i l b o t h v e s s e l s a r e 
s a f e l y c l e a r of e a c h o t h e r and b a c k on c o u r s e . 
I n t h i s way. b o t h the t i m i n g and t h e n a t u r e o f 
t h e manoeuvre a r e c h e c k e d i n a d v a n c e t o e n s u r e 
s a f e c l e a r a n c e w i t h o u t e x c e s s i v e c o u r s e 
d e v i a t i o n - a s s u m i n g no untoward a c t i o n on t h e 
p a r t o f t h e h a z a r d v e s s e l . T h i s P r e d e t e r m i n e d 
S a f e M a n o e u v r i n g Time (PSMT) i s u s e d t o 
s c h e d u l e any a c t i o n . D u r i n g the manoeuvre, t h e 
E . S . i s r e q u i r e d t o keep a w a t c h i n g b r i e f on 
t h e h a z a r d . and a d j u s t i t s 'gam*; p l a n ' 
a c c o r d i n g l y , i f n e c e s s a r y . 
The e n h a n c e d E . S . i s housed i n a d e d i c a t e d 
m i c r o c o m p u t e r , w i t h c o m m u n i c a t i o n l i n k s t o two 
o t h e r c o m p u t e r s y s t e m s . s i m u l a t i n g a c t i o n s of 
o w n - s h i p and h a z a r d v e s s e l r e s p e c t i v e l y . A 
m u l t i - w i n d o w u s e r i n t e r f a c e g i v e s a g r a p h i c a l 
d i s p l a y of s h i p s ' t r a c k s p l u s i n f o r m a t i o n on 
s h i p s ' s t a t u s , b o t h updated i n r e a l t i m e . T h i s 
E . S . h a s p r o v e d t o t a l l y r e l i a b l e in h a n d l i n g 
e v e r y c o n f i g u r a t i o n of 2 - s h i p e n c o u n t e r t e s t e d 
t o d a t e . M oreover. t e s t r u n s a r e c a r r i e d o u t 
a t 10 t o 20 t i m e s r e a l - t i m e s p e e d s , i n d i c a t i n g 
ample s c o p e f o r e x p a n s i o n to h a n d l e more 
complex s c e n a r i o s . 
n u l t i p l e LooK-Rhead S i n u l a t i o n . 
mm VESSEL 
(WH-SHIP 
F i g u r e 1 ( o p p o s i t e ) shows a 
s e q u e n c e of t h r e e l o o k - a h e a d 
s i m u l a t i o n s o f a c r o s s i n g 
e n c o u n t e r , w i t h o w n - s h i p t a k i n g 
ftvoiding a c t i o n . S t a r t i n g t i m e s 
f o r s u c c e s s i v e s i m u l a t i o n s work 
b a c k w a r d s from a p r e d e f i n e d 
mi n imum. 
S i m u l a t i o n s 1 and 2 b o t h show 
o w n - s h i p ' s domain ( s a f e t y z o n e ) 
b e i n g i n f r i n g e d by t h e h a z a r d 
v e s s e l . S i m u l a t i o n 3 i d e n t i f i e s 
a s a f e t i m e - t o - g o f o r t h e 
a v o i d a n c e manoeuvre. 
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The m a s t e r o f a modern v e s s e l , s t a n d i n g on t h e 
b r i d g e of h i s s h i p . r e c e i v e s a wide range o f 
i n f o r m a t i o n from a v a r i e t y o f s o u r c e s : 
i n s t r u m e n t s c o n n e c t e d to r e l e v a n t e q u i p m e n t 
g i v e him s h i p ' s rudder s e t t i n g and e n g i n e rpm; 
a p p r o p r i a t e s e n s o r s g i v e i n f o r m a t i o n on s p e e d 
t h r o u g h t h e w a t e r . p i t c h , r o l l . and yow: 
n a v i g a t i o n a l a i d s s u c h as [ l e c c a , Omega. L o r a n -
C and s a t e l l i t e n a v i g a t i o n s y s t e m s p r o v i d e 
a c c u r a t e d a t a ( t y p i c a l l y w i t h i n a few m e t r e s ) 
f o r f i x i n g p o s i t i o n and ground s p e e d ( l e . t r u e 
speed, r e l a t i v e to t h e a e a - b e d ) : d e t e c t o r 
s y s t e m s s u c h a s r a d a r and s o n a r warn o f 
o b s t a c l e s above o r below the s u r f a c e . g i v i n g 
range and d i r e c t i o n - an enhancement of r a d a r , 
t h e ARPA ( A u t o m a t i c R a d a r P l o t t i n g A i d ) 
s y s t e m . e v e n g i v e s the ( r e l a t i v e ) speed and 
c o u r s e of any moving h a z a r d i n t h e v i c i n i t y , 
s u c h as a n o t h e r s h i p . A d d i t i o n a l l y , o f c o u r s e , 
he. h a s h i s own e y e s and e a r s , and t h o s e o f h i s 
crew. t o f i l l i n any gaps l e f t by t h e s e 
e l e c t r o n i c a i d s . 
The s y s t e m under development i s i n t e n d e d 
u l t i m a t e l y t o be y e t a n o t h e r e l e c t r o n i c a i d on 
t h e b r i d g e , one which w i l l r e c e i v e d a t a from a 
v a r i e t y of t h e s e s e n s o r s ( p l u s c h a r t d a t a from 
on-board ' e l e c t r o n i c c h a r t s ' ) and g i v e a 
r e a s o n e d r e s p o n s e to p r e v a i l i n g c i r c u m s t a n c e s . 
C l e a r l y e y e s and c a r s * i n f o r m a t i o n may be 
i n p u t v i a a l^eyboard. when n e c e s s a r y - R a t h e r 
tJian p r o l i f e r a t i n g t h e mass of d a t a t o be 
a s s i m i l a t e d by the s h i p ' s m a s t e r . t h e p u r p o s e 
of t h i s d e v i c e i s t o c o l l a t e r e l e v a n t d a t a i n 
t h e f i e l d of c o l l i s i o n a v o i d a n c e . R e a s o n e d 
c o n c l u s i o n s and recommendations may then be 
p r e s e n t e d i n an e a s i l y - d i g e s t e d form, to hope-
f u l l y r e d u c e t h e scope f o r e r r o r by o m i s s i o n , 
m i s r e a d i n g , o r s i m p l y ' i n f o r m a t i o n o v e r l o a d " -
The development e n v i r o n m e n t c o n s i s t s of two 
s i m u l a t e d s h i p s i n open-sea c o n d i t i o n s - One. 
termed 'own-ship'. i s u n d e r t h e g u i d a n c e o f 
t)ie e x p e r t s y s t e m d e s c r i b e d h e r e ; t h e o t h e r , 
t h e ' h a z a r d v e s s e l ' , i s a l s o g u i d e d by machine 
i n t e l l i g e n c e , w i t h an o p t i o n t o m a n u a l l y 
o v e r r i d e s u c h c o n t r o l . The r u l e b a s e f o r t h e 
e x p e r t s y s t e m i s based on the I n t e r n a t i o n a l 
R e g u l a t i o n s f o r P r e v e n t i n g C o l l i s i o n s a t S e a 
[ 1 ] . supplemented by s u b s t a n t i a l r e s e a r c h i n t o 
good p r a c t i c e . as o b s e r v e d by e x p e r i e n c e d 
m a r i n e r s . O u t p u t i s p r e s e n t e d i n t h e form o f a 
multi-window d i s p l a y , c o m b i n i n g g r a p h i c a l , 
n u m e r i c a l and t e x t u a l i n f o r m a t i o n . 
2. P R I N C I P L E S OF OPERATION 
At th e p r e s e n t phase of development 
b a s e c o n s i s t s of r u l e s f o r : 
t h e r u l e 
( a ) I d e n t i f y i n g the p r e s e n c e o f a p o t e n t i a l 
h a z a r d , and a s s e s s i n g t h e t h r e a t i n t e r m s 
of e x p e c t e d time t o i n f r i n g e m e n t o f t h e 
domain - t h i s time f a c t o r i s c e n t r a l t o 
the d e c i s i o n on when to t a k e a v o i d i n g 
a c t i o n , i f n e c e s s a r y : 
( b ) I d e n t i f y i n g the type of e n c o u n t e r , 
i n c l u d i n g s e v e r a l v a r i a n t s i n some c a s e s 
( t h e p r i m a r y t y p e s of e n c o u n t e r b e i n g 
head-on. c r o s s i n g and o v e r t a k i n g ) . and 
f i x i n g the s t a t u s of o w n - s h i p and t h e 
p e r c e i v e d s t a t u s of h a z a r d - s h i p i n t h e 
e n c o u n t e r ( h e a d - o n o r g i v e - w a y ) : 
( c ) N e g o t i a t i n g t h e s t a g e s o f t h e e n c o u n t e r , 
w i t h a p p r o p r i a t e s a f e t y m a r g i n s . 
The r u l e s i d e n t i f y i n g and h a n d l i n g t h e t h r e e 
t y p e s o f e n c o u n t e r a r e a s f o l l o w s : 
( 1 ) Head-on 
Two v e s s e l s a r e a p p r o a c h i n g e a c h o t h e r on 
n e a r - r e c i p r o c a l b e a r i n g s ( I . e . * o r - 6 
d e g r e e s . i n t h i s s y s t e m ) . A v e s s e l i n 
s u c h an e n c o u n t e r must c o n s i d e r i t s e l f 
g i v e - w a y and a l t e r c o u r s e t o s t a r b o a r d 
( r i g h t ) ; i t s h o u l d n o t b e g i n to come b a c k 
o n t o c o u r s e u n t i l t h e o t h e r v e s s e l h a s 
p a s s e d 90 d e g r e e s on t h e p o r t beam ( l e f t ) 
(21 C r o s s i n g 
Two v e s s e l s a r c a p p r o a c h i n g e a c h o t h e r a t 
f t t i a n g l e s u c h t h a t e a c h c a n s e e one s i d e 
o f t h e o t h e r : more s p e c i f i c a l l y , one 
v e s s e l i s i n t h e s e c t o r s u b t e n d e d by t h e 
p o r t o r s t a r b o a r d l i g h t - 112.5 d e g r e e s 
m e a s u r e d from the bow ( f r o n t ) on e a c h 
s i d e . The s h i p w i t h t h e o t h e r v e s s e l t r 
s t a r b o a r d s h o u l d g i v e way. a l t e r i n g 
c o u r s e t o s t a r b o a r d and g o i n g b e h i n d . I t 
s h o u l d n o t a l t e r back u n t i l t h e s t a n d - o n 
v e s s e l h a s p a s s e d 15 d e g r e e s t o p o r t of 
o w n - s h i p ' s o r i g i n a l hieading; 
(31 O v e r t a k i n g 
A s h i p i s deemed to be o v e r t a k i n g i f i t 
i s a p p r o a c h i n g from w i t h i n t h e s t e r n -
l i g h t s e c t o r . I . e . t h e r e a r 13f»-degrce 
a r c . I t s h o u l d g i v e way a s f o l l o w s ^ 
( a ) I f on n e a r - p a r a l l e l c o u r s e ( W i t h i n 10 
d e g r e e s . i n t h i s s y s t e m ) . go b e h i n d 
t o s t a r b o a r d ; a l t e r b a c k when s a f e t o 
do s o : 
( b ) I f on p o r t q u a r t e r of s t a n d - o n 
v e s s e l , a c t i o n a s f o r ( a ) ; 
( c ) I f on s t a r b o a r d q u a r t e r , and s e t t o 
o v e r t a k e ahead on c u r r e n t c o u r s e . AND 
i f a b l e t o p a r a l l e l c o u r s e s w i t h o u t 
i n f r i n g i n g domain. p a r a 11 e 1-vip; when 
w e l l p a s t and c l e a r t o p u l l a c r o s s , 
r e t u r n to o r i g i n a l h e a d i n g : 
( d ) O t h e r w i s e . go b e h i n d t o p o r t , a l t e r -
b a c k when s a f e to do s o . 
The i n 
pr i m a r i 
ma r i ne 
we I I - t r 
e x t e n t 
zone' 
v e s s e l 
and t h e 
i n s i d e 
be c o n s 
f e r e n c e e n g i n e f o r t h i s s y s t e m r e s t s 
l y on p r e v i o u s r e s e a r c h i n t h e f i e l d o f 
c o l l i s i o n a v o i d a n c e . I n p a r t i c u l a r , two 
i e d c o n c e p t s d i c t a t e t h e n a t u r e and 
o f a c t i o n t a k e n : t h e domain, o r "danger 
a r o u n d a s h i p . i n t o w h i c h no o t h e r 
o r o b s t a c l e may be a l l o w e d t o e n c r o a c h : 
a r e n a . a l a r g e r cone a r o u n d a v - ^ s s e l . 
w h i c h any o t h e r v e s s e l o r obst;»c!o must 
i d e r e d a p o t e n t i a l h a z a r d . 
The c o n c e p t of t h e domain was a d v a n c e d by 
Goodwin [ 2 ] a s t h e e f f e c t i v e a r e a a r o u n d a 
s h i p w h i c h a n a v i g a t o r would l i k e t o k e e p 
c l e a r w i t h r e s p e c t to o t h e r s h i p s and s t a t i c 
o b j e c t s ' -
o b j e c t i v e 
t h e domain 
by D a v i s 
a c t i o n of 
The e x p e r t s y s t e m h a s a s i t s f i r s t 
t h e p r o t e c t i o n o f t h e i n t e g r i t y of 
The a r e n a c o n c e p t was i n t r o d u c e d 
(31 i n r e s p o n s e t o t h e o b s e r v e d 
m a r i n e r s m a n o e u v r i n g t o p r e v e n t 
i n f r i n g e m e n t v o f t h e i r domain bv s h i o s m t h e i r 
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i c i n i t y . T h i s c o n c e p t was r e f i n e d by C o l l e y 
13 to a time f a c t o r . r e f e r r e d t o a s RDRR:-
inge-to-Doraain/Ranee-Rate - b a s i c a l l y . t h e 
Lme-to-go ( b e f o r e c a l c u l a t e d domain i n f r i n g e -
2 n t ) a t w h i c h t h e m a r i n e r w i l l a s s e s s t h e 
latus o f h i s v e s s e l and t a k e a p p r o p r i a t e 
:;tion. F o r example, on t h e b a s i s of a s h i p ' s 
a n d l i n g c h a r a c t e r i s t i c s , a m a r i n e r may c h o o s e 
3 t a k e a c t i o n 15 m i n u t e s b e f o r e p o t e n t i a l 
3main i n f r i n g e m e n t - a l 5 - m i n u t e RDRR. 
a l l e y ' s RDRR i s use d t o d e f i n e minimum a c t i o n 
ime; t h e l o o k - a h e a d f a c i l i t y d e s c r i b e d i n 
e c t i o n 5 t h e n m o d i f i e s t h a t RDRR v a l u e i n t h e 
i g h t of c u r r e n t c i r c u m s t a n c e s - g u a r a n t e e i n g 
a f e . b u t n o t e x c e s s i v e . m a n o e u v r i n g ti m e , 
h i s P r e d e t e r m i n e d S a f e M a n o e u v r i n c Time 
PSMT) r e p l a c e s t h e p r e v i o u s ' b e s t g u e s s ' w i t h 
c e r t a i n t y ( b a r r i n g untoward i n c i d e n t s 
e c t i o n 5 c o n s i d e r s t h i s p o i n t ) . 
F i g u r e 2. 
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n o t h e r b a s i c p r i n c i p l e of c o l l i s i o n a v o i d a n c e 
a n o e u v r e s i s t h a t n o t o n l y must t h e y be 
a r r i e d o u t , they must a l s o be s e e n t o be 
a r r i e d o u t . No o t h e r form o f c o m m u n i c a t i o n 
etween v e s s e l s c a n be ossumed. and so any 
v o i d a n c e a c t i o n must be c l e a r l y i d e n t i f i a b l e 
s s u c h from a n o t h e r v e s s e l . Such manoeuvres, 
nder t h e d i r e c t i o n of t h e e x p e r t s y s t e m , must 
e of s u f f i c i e n t magnitude ( a ' c l e a r t u r n ' ) 
nd i n good time. to i n d i c a t e t o t h e o t h e r 
e s s e l t h a t t h e e n c o u n t e r h a s been a n t i c i p a t e d 
nd i s b e i n g d e a l t w i t h . Any d e c i s i o n t o u s e 
he p r o c e s s i n g c a p a b i l i t i e s o f t h e computer t o 
o p t i m i s e ' c o u r s e c h a n g e s p u r e l y on t h e b a s i s 
if ' s a f e c l e a r a n c e ' c r i t e r i a must be moderated 
ly s u c h c o n s i d e r a t i o n s . 
'he c u r r e n t model u s e s a minimum t u r n of 30 
l e g r e e s . a v a l u e drawn from p r e v i o u s r e s e a r c h 
)y C o l l e y [ 5 ] . The minimum RDRR i s d e f i n e d a s 
1 p a r a m e t e r f o r e a c h v e s s e l - t y p i c a l l y 10 
l i n u t e s , b ut v a r i e d a c c o r d i n g t o t h e h a n d l i n g 
: h a r a c t e r i s t i c s of t h e v e s s e l b e i n g s i m u l a t e d , 
'he r u l e s i n t h e E . S . embody t h e I n t e r n a t i o n a l 
t e g u l a t i o n s f o r P r e v e n t i n g C o l l i s i o n s a t S e a , 
i l u s c l a r i f i c a t i o n o f s p e c i f i c p r a c t i c a l 
l e t a i l s a s noted by C o l l e y and u s e d most 
t f f e c t i v e l y i n an e a r l i e r s i m u l a t i o n . U s i n g 
.hese r u l e s , a c o l l i s i o n a v o i d a n c e manoeuvre 
s t a k e n t h r o u g h f i v e s t a g e s , a s f o l l o w s : 
1) 20 m i n u t e s b e f o r e p r o j e c t e d domain 
i n f r i n g e m e n t , l o o k - a h e a d s i m u l a t i o n i s 
used t o i d e n t i f y a s u i t a b l e PSMT. 
s t a r t i n g from t h e minimum RDRR. 
2) When t h e PSMT i s r e a c h e d , t h e fiive-wf,y 
v e s s e l i n i t i a t e s a t u r n i n g a c t i o n : 
3) 
4 ) 
Once t h e r e q u i r e d 
(minimum 30 d e g r e e s ) 
on a s t r a i g h t c o u r s e 
t u r n i s e f f e c t e d 
t h e v e s s e l p r o c e e d s 
When t h e o r i g i n a l h e a d i n g may be resumed 
w i t h o u t f u r t h e r r i s k o f domain i n f r i n g e -
ment (and any o t h e r c o n d i t i o n s a r e met), 
a l t e r - b a c k i s i n i t i a t e d . n e c e s s i t a t i n g a 
t u r n i n t h e o p p o s i t e d i r e c t i o n : 
5) When back on t h e o r i g i n a l h e a d i n g , v e s s e l 
p r o c e e d s on t h a t h e a d i n g , manoeuvre o v e r . 
3^ INrEHSNCE. gHGlNE AND RULE^gTijgQXURg 
T)»e f u n c t i o n o f t h e i n f e r e n c e e n g i n e a t c b c h 
t i m e - s t e p i s t o : 
( a ) 
( b ) 
r e c e i v e t h e p a r a m e t e r s from t h e s i m u l a t o r 
u n i t s ( s p e e d , h e a d i n g . p o s i t i o n ) . and 
from them g e n e r a t e a s e t of s e c o n d a r y 
p a r a m e t e r s - r e l a t i v e b e a r i n g . r e l a t i v e 
v e l o c i t y components, time to p r o j e c t e d 
domain i n f r i n g e m e n t , e t c ; 
Ap p l y t h e a p p r o p r i a t e r u l e t.o t h e s e 
p a r a m e t e r s - de p e n d i n g on s t a t u s o f 
v e s s e l a s p e r c e i v e d a t t h e p r e v i o u s t i m e -
s t e p - t o a s c e r t a i n w hether t h e s t a t u s o f 
t h e v e s s e l h a s changed, and i f s o . what 
t h a t new s t a t u s s h o u l d be: E a c h r u l e 
i n v o l v e s a t e s t on t h e s e s y s t e m v a l u e s , 
and may i n v o l v e e v a l u a t i o n o f f u r t h e r 
m a t h e m a t i c a l f u n c t i o n s of t h e s e v a l u e s 
s u c h f u n c t i o n s form p a r t of t h a t r u l e . 
( c ) f t h e s t a t u s o f t h e v e s s e l has changed, 
f l a g s a r e s e t f o r s h i p E i . m i l a t o r a c t i o n ; 
a l s o . a change o f s t a t u s may l e a d t o 
f u r t h e r r u l e s b e i n g i nvoked i m m e d i a t e l y ; 
t h e i n f e r e n c e e n g i n e w i l l c o n t i n u e t o 
p r o c e s s s u c c e s s i v e r u l e s u n t i l a ' d e f e r ' 
f l a g i s r e a c h e d . i n d i c a t i n g t h a t no 
f u r t h e r a c t i o n on th-? r u l e base i s 
r e q u i r e d u n t i l t h e n e x t t i m e - s t e p . 
The r u l e b a s e i s a h i e r a r c h i c a l s t r u c t u r e , 
b a s e d on t h e s t r u c t u r e of a b i n a r y t r e e . 
However, t h e l e f t and r i g h t l i n k s from e a c h 
node i n t h i s ' t r e e ' s t r u c t u r e a r e r a t h e r more 
f l e x i b l e . i n t h a t two o r more l i n k s may l e a d 
t o a common node a t a lower l e v ^ l . o r a l i n k 
may l o o p b a c k t o a node a t a h i g h e r l e v e l . A 
s c h e m a t i c o f t h i s s t r u c t u r e . s h o w i n g most o f 
th e I n i t i a l r u l e b a s e , i s g i v e n i n F i g u r e 2. 
The r u l e b a s e i s a l s o i n e f f e c t a s t a t e t a b l e , 
e a c h node r e p r e s e n t i n g a p o s s i b l e s t a t e of 
o w n - s h i p - no e n c o u n t e r c u r r e n t l y i n p r o g r e s s , 
s e c o n d s t a g e of a c r o s s i n g e n c o u n t e r . e t c . 
E a c h node c o n t a l n s : 
( 1 ) L e f t and r i g h t l i n k s t o o t h e r nodes i n 
t h e r u l e s t r u c t u r e , ( o r l o o p i n g b a c k to 
t h e same node) - one of t h e s e l i n k s w i l l 
be f o l l o w e d ' a t e v e r y d e c i s i o n s t e p ; 
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( 2 ) A m a t h e n a t i c a l l y - b a s e d d e c i s i o n f u n c t i o n , 
u s e d t o d e t e r m i n e w h i c h l i n k i s t a k e n a t 
t h i s s t a g e ; 
( 3 ) A f l a g f o r e a c h l i n k . i n d i c a t i n g i n e a c h 
c a s e w h e t h e r t h e n e x t r u l e i s t o be 
p r o c e s s e d i m m e d i a t e l y . o r d e f e r r e d u n t i l 
t h e n e x t t i m e - s t e p : 
( 4 ) S h i p s t a t u s f l a g s , t-o p a s s i n f o r m a t i o n t o 
s i m u l a t o r and d i s p l a y . 
Enhancement of t h e r u l e b a s e i n v o l v e s c r e a t i o n 
of t h e a p p r o p r i a t e new n o d e ( s ) , and r e s e t t i n g 
of t h e r e l e v a n t l i n k s s o a s t o p o s i t i o n t h e 
n o d c ( s ) c o r r e c t l y w i t h i n t h e r u l e s t r u c t u r e . 
E a c h of t h e r u l e s i n v o l v e s a y e s - n o d e c i s i o n 
f u n c t i o n , u s i n g i n e q u a l i t i e s b a s e d on c u r r e n t 
v a l u e s of d i s p l a c e m e n t and v e l o c i t y v e c t o r s . 
The m a j o r i t y of p r o c e s s i n g i s t h u s c o n c e r n e d 
w i t h s o l u t i o n of t r i a n g l e s . and i n t e r s e c t i o n s 
o f s t r a i g h t l i n e s w i t h c i r c l e s - s u b s t a n t i a l 
e v a l u a t i o n o f t r i g o n o m e t r i c a l f u n c t i o n s . I t i s 
a n t i c i p a t e d t h a t t h i s a s p e c t of t h e E.S. w i l l 
e s c a l a t e a s raore complex s i t u a t i o n s a r e t a k e n 
i n t o a c c o u n t ; t h i s has been a m a j o r f a c t o r i n 
d e t e r m i n i n g c h o i c e o f language and form o f 
r u l e s t r u c t u r e f o r t h i s t i m e - c r i t i c a l s y s t e m . 
4. EVftHJATIOH or INXTXAL. PULE STPVCTUBE 
A m u l t i p l e run o f 500 s i m u l a t e d e n c o u n t e r s was 
u s e d t o e v a l u a t e t h e e f f e c t i v e n e s s of t h e r u l e 
b a s e u s e d i n t h e f i r s t p r o t o t y p e s [ G ] . F o r t h e 
p u r p o s e s o f t h i s e x e r c i s e . t h e RDRR c r i t e r i o n 
u s e d f o r a v o i d a n c e d e c i s i o n / a c t i o n i n e a c h 
c a s e was a f i x e d l O - m i n u t e i n t e r v a l b e f o r e 
a n t i c i p a t e d domain i n f r i n g e m e n t 
E a c h s i m u l a t i o n was g e n e r a t e d a s f o l l o w s : 
Two v e s s e l s . e a c h w i t h random c o u r s e . s p e e d 
and t u r n i n g c i r c l e ( S e c F i g . 3 f o r bounds on 
l a t t e r two p a r a m e t e r s ) . were p l a c e d w i t h i n a 
c i r c l e of r a d i u s 1 n a u t i c a l m i l e . G i v e n a 
f i x e d domain r a d i u s of 0.6 M.M. f o r e a c h 
v e s s e l i n t h i s e x e r c i s e . t h i s e n s u r e d t h a t 
e a c h was v e r y l i k e l y to c o n s i d e r t h e o t h e r a 
h a z a r d , a c c o r d i n g to t h e i r t e rms o f r e f e r e n c e . 
T h e two v e s s e l s , one d e s i g n a t e d o w n - s h i p , t h e 
o t h e r h a z a r d - s h i p , were t h e n e f f e c t i v e l y t a k e n 
b a c k i n time t e n m i n u t e s a l o n g t h e i r t r a c k s , 
( o r more. i f an e n c o u n t e r s i t u a t i o n a l r e a d y 
e x i s t e d by t h a t t i m e ) . and t h e s i m u l a t i o n 
a l l o w e d t o p r o c e e d from t h a t p o i n t . The 
s e p a r a t i o n a t the c l o s e s t point o f approach (CPA) 
b etween t h e LWO v e s s e l s was c a l c u l a t e d ( i ) 
w i t h no c o l l i s i o n a v o i d a n c e manoeuvre 
a t t e m p t e d , and ( i i ) s u b j e c t to t h e c o l l i s i o n 
a v o i d a n c e manoeuvre b r o u g h t i n t o p l a y by t h e 
e x p e r t s y s t e m s module. The r e s u l t s of t h i s 
e x e r c i s e a r c shown i n the b a r c h a r t i n F i t j . 3. 
T h e s e r e s u l t s show t h a t , i n the l a r g e m a j o r i t y 
o f c a s e s . p o t e n t i a l domain v i o l a t i o n s were 
a v o i d e d by t h e e x p e r t s y s t e m i n v o k i n g 
a p p r o p r i a t e c o l l i s i o n a v o i d a n c e s t r a t e g i e s ; 
m o r eover. t h e manoeuvres i n v o l v e d d i d n o t 
i n v o l v e e x c e s s i v e c o u r s e a l t e r a t i o n s - CF/. 
s e p a r a t i o n s f o r t h e s e manoeuvre** a r e c l e a r l y 
b unched j u s t o u t s i d e the domain boundary. 
However, a s m a l l number o f t h e v^ncountcrs 
s t i l l show CPAs w i t h i n t h e domain boundary. 
The o f f e n d i n g e n c o u n t e r s were p i c k e d o u t from 
t h e d a t a - l o g g i n g f i l e arid a n a l y s e d . Thrt:e main 
c a u s e s were i d e n t i f i e d f o r s u c h f a i l u r e . 
( a ) T h e r u l e i i t r u c t u r e c o n t a i n e d c e r t a i n 
' b l i n d s p o t s ' , l . c c a s e s where e a c h s h i p 
c o n s i d e r e d t h e o t h e r th-i give-w&y v e s s e l , 
and so e a c h p l o u e h e d on r e g a r d l e s s . The 
f a c t t h a t t h i s would o c c u r v e r y s e l d o m i n 
n e a r - m i s s s i t u a t i o n s . and n e v e r i n 
c o l l i s i c > n s i t u a t i c>riR . does not make t h i s 
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( b ) C e r t a i n c o m b i n a t i o n s o f s h i p h a n d l i n s 
c h a r a c t e r i s t i c s , a s thrown up by t h e 
'random e n c o u n t e r g e n e r a t o r ' , gave t h o s e 
v e s s e l s i n a d e q u a t e m a n o e u v r a b i l i t y , A 
r e l a t i v e l y h i g h s p e e d . c o u p l e d w i t h a 
s l o w r a t e o f t u r n , p r e v e n t e d a number o f 
v e s s e l s from a c h i e v i n g a s a f e c l e a r a n c e 
by a p p r o p r i a t e manoeuvres w i t h i n t h e t i m e 
a l l o w e d f o r s u c h a c t i o n (10 m i n u t e s ) . 
( c ) C e r t a i n j u x t a p o s i t i o n s of v e s s e l s , i n 
c e r t a i n t y p e s o f e n c o u n t e r s . a g a i n 
r e n d e r e d i n a d e q u a t e t h e f i x e d t i m e - t o - g o 
c r i t e r i o n of 10 m i n u t e s b e f o r e 
a n t i c i p a t e d domain i n f r i n g e m e n t . F o r 
example, s h i p a. s e t t o c r o s s a h e a d o f 
s h i p b from b ' s p o r t s i d e , may n o t be 
q u i t e f a r enough ahead t o c l e a r t h e 
domain - I . e . an e n c o u n t e r s i t u c t i o n 
e x i s t s . S h i p a i s r e q u i r e d t o t u r n t o 
s t a r b o a r d and p a s s b e h i n d b. T h i s w i l l 
a c t u a l l y b r i n g a c l o s e r to b i n i t i a l l y , 
p o s s i b l y e v e n e x a c e r b a t i n g t h e p r o b l e m i f 
t h e a c t i o n i s not t a k e n i n good t i m e ( s e e 
F i g u r e \ ) - one o f t h e s i m u l a t e d 
e n c o u n t e r s i n t h i s m u l t i p l e r u n showed a 
CPA o f 0.6 N.M. r e d u c e d t o 0.2 N.M. by 
c o l l i s i o n a v o i d a n c e m a n o e u v r i n g ! 
The f i r s t two p r oblems may he r e s o l v e d by 
amendment and enhancement o f t h e r u l e b a s e , 
and r e f i n e m e n t of t h e s h i p model s e l e c t i o n 
p r o c e s s f o r t e s t r u n s . r e s p e c t i v e l y . T h e 
s i t u a t i o n d e s c r i b e d i n t h e t h i r d c a s e c o u l d be 
r e s o l v e d by c h a n g i n g t h e RDRR c r i t e r i o n t o 15 
o r 20 m i n u t e s . However, t h i s s i m p l y c h a n g e s 
the problem t o one of u n d u l y e a r l y . and t h u s 
e x c e s s i v e , m a n oeuvring i n l e s s c r i t i c a l c a s e s . 
A more f l e x i b l e a p p r o a c h was r e q u i r e d . 
fL. LOQR-AHEAO gtffilUATtQH 
A c h a r a c t e r i s t i c of e x p e r t s y s t e m s i s t h a t 
i n t u i t i v e r e a s o n i n g by t h e human e x p e r t must 
be e m u l a t e d i n a computer s y s t e m by an 
e x p l i c i t l o g i c a l s e q u e n c e o f c a u s e - a n d - e f f e e t . 
Such r e a s o n i n g may be d i f f i c u l t t o i d e n t i f y , 
l e t a l o n e r a t i o n a l i s e and t h e n e m u l a t e . A 
c l a s s i c e xample i s t h e d e c i s i o n on when t o 
e v a l u a t e an e n c o u n t e r and i n i t i a t e c o l l i s i o n 
a v o i d a n c e a c t i o n . E x t e n s i v e o b s e r v a t i o n w o u l d 
s u g g e s t t h a t a c o m p e t e n t m a r i n e r has i n mind a 
f a i r l y w e l l - d e f i n e d t i r a e - t o - g o b e f o r e domain 
i n f r i n g e m e n t , a t w h i c h p o i n t i n t i m e t h e 
n a t u r e o f t h e e n c o u n t e r i s i d e n t i f i e d and 
a p p r o p r i a t e a v o i d a n c e a c t i o n d e c i d e d upon; t o o 
soon, and t h e c o u r s e a l t e r a t i o n w i l l be 
e x c e s s i v e ; too l a t e . and domain i n f r i n g e m e n t 
may n o t be a v o i d e d . 
However. r e s u l t s from t h e m u l t i p l e e n c o u n t e r 
s i m u l a t i o n above show t h a t s u c h a f i x e d ' t i m e -
to'go' c r i t e r i o n i s not a d e q u a t e f o r a l l 
p o s s i b l e e n c o u n t e r s i t u a t i o n s . I t seems most 
p r o b a b l e t h a t t h e e x p e r t m a r i n e r would r e a d i l y 
i d e n t i f y t h o s e c a s e s w h i c h r e q u i r e e a r l i e r -
t h a n - u s u a l a c t i o n : an e x p e r t s y s t e m . of t h e 
t y p e u n d e r c o n s i d e r a t i o n h e r e , s h o u l d l i k e w i s e 
be c a p a b l e of d o i n g s o . T h i s h a s prompted t h e 
i n c l u s i o n o f j u s t s u c h a f a c i l i t y . one w h i c h 
w i l l i d e n t i f y t h e optimum d e c i s i o n t ime f o r 
any p a r t i c u l a r s c e n a r i o . S u c h a dynamic t i m e -
to-go i s p i n p o i n t e d by c o n s i d e r a t i o n of t h e 
e v e n t u a l c o n s e q u e n c e s : t h i s means i n c l u s i o n of 
a l o o k - a h e a d f a c i l i t y a s an i n t e g r a l p a r t o f 
the d e c i s i o n - m a k i n g p r o c e s s . 
20 m i n u t e s b e f o r e p r o j e c t e d domain i n f r i n g e -
ment, t h e E x p e r t S y s t e m s i m u l a t e s a c o m p l e t e 
e n c o u n t e r a s i t would p r o c e e d i f a c t i o n were 
t o be t a k e n a t , s a y , 10 m i n u t e s b e f o r e domain 
i n f r i n g e m e n t ( T h i s minimum f i g u r e i s v a r i a b l e , 
b e i n g i n p u t a s an i n i t i a l p a r a m e t e r ) . I f t h i s 
t i m e i n t e r v a l p r o v e s i n a d e q u a t e . t h e s y s t e m 
w i l l r u n a n o t h e r s i m u l a t i o n . t h i s t i m e f o r a 
1 2 - m i n u t e t i m e - t o - g o . The d e c i s i o n t h r e s h o l d 
i s moved s u c c e s s i v e l y back, w i t h a new 
s i m u l a t i o n f o r e a c h . u n t i l a s a t i s f a c t o r y 
t i m e - t o - g o i s i d e n t i f i e d . The E x p e r t S y s t e m 
t h e n a l l o w s t h e e n c o u n t e r t o p r o c e e d t o t h a t 
PSMT ( P r e d e t e r m i n e d S a f e M a n o e u v r i n g T i m e ) , 
whereupon t h e d e c i s i o n on e n c o u n t e r t y p e . and 
a p p r o p r i a t e a v o i d a n c e a c t i o n , i s t a k e n . 
The i n c o r p o r a t i o n i n t o t h e E x p e r t S y s t e m of 
s u c h a f a c i l i t y . r e q u i r i n g p o s s i b l y s e v e r a l 
c o m p l e t e e n c o u n t e r s i m u l a t i o n s t o a c h i e v e i t s 
o b j e c t i v e . w i l l c l e a r l y p u t p r e s s u r e on t h e 
t i m e c o n s t r a i n t s of a r e a l - t i m e s y s t e m . It, i s 
e s s e n t i a l t h a t t h e n e c e s s a r y p r o c e s s i n g be 
c o m p l e t e d w e l l i n advance of t h e c r i t i c a l 
p h a s e of t h e e n c o \ i n t e r . In t h e p r e s e n t 
i d e a l i s e d s i t u a t i o n - two s h i p s i n open s e a 
p r o c e s s i n g time i s not a problem. However, i t 
i s e n v i s a g e d t h a t i n more complex s c e n a r i o s 
( E . g . t h o s e i n v o l v i n g a number o f v e s s e l s ) , 
s u c h p r o c e s s i n g may r e q u i r e o t h e r d e c i s i o n -
m a k i n g l o g i c to be susp'inded f o r s e v e r a l time-
s t e p s , w h i l s t i t i s under way. 
T h i s t e c h n i q u e h a s proved s u c c e s s f u l i n 
h a n d l i n g t h o s e e n c o u n t e r s i t u a t i o n s w h i c h were 
i n a d e q u a t e l y d e a l t w i t h by p r e v i o u s v e r s i o n s , 
u s i n g a f i x e d RDRR c r i t e r i o n . The ( a p p a r e n t l y ) 
l o g i c a l e x t e n s i o n of t h i s p r i n c i p l e . t o a J I T 
( J u s t - i n - t i m e ) s y s t e m . w h i c h l e a v e s a v o i d a n c e 
a c t i o n to t h e l a s t p o s s i b l e moment. h a s not 
been p u r s u e d . T h e r e a r e two r e a s o n s f o r t h i s : 
( i ) A prime r e q u i r e m e n t o f t h i s s y s t e m i s 
t h a t i t g i v e s c l e a r i n d i c a t i o n of i n t e n t , 
i n good time. to o t h e r s h i p s i n the: 
v i c i n i t y ; t h e J I T a p p r o a c h would n o t meet 
s u c h a r e q u i r e m e n t . but would i n s t e a d 
p r o b a b l y l e a d t o m a s t e r s o f o t h e r s h i p s 
t a k i n g emergency a c t i o n i n many c a s e s : 
( i i ) The J I T a p p r o a c h l e a v e s no leeway f o r 
emergency a c t i o n . s h o u l d t h i s become 
n e c e s s a r y due e i t h e r t o u n t o w a r d a c t i o n 
by a n o t h e r v e s s e l o r some o t h e r 
u n f o r e s e e n problem ( E . g . r u d d e r f a i l u r e ) . 
Wlii 1 s t i t i s i m p o s s i b l e to l e g i s l a t e f o r e v e r y 
m i s h a p w h i c h may o c c u r a t s e a . a s u i t a b l e 
minimum RDRR and a t e s t e d PSMT a p p e a r t o 
m i r r o r t h a t b a l a n c e of p rudence and e f f i c i e n c y 
p r a c t i c e d by experienc^-d m a r i n e r s . 
With t h e i n t r o d u c t i o n of l o o k - a h e a d s i m u l a t i o n 
i n t o t h e d e c i s i o n p r o c e s s . p r o c e s s i n g needs 
f o r t h e E.S. have expanded. h i g h l i g h t i n g the 
need t o move tow a r d s the f i n a l o b j e c t i v e - a 
d e d i c a t e d computer h o u s i n g the E . S . . a c t i n g on 
d a t a i n p u t from o t h e r s o u r c e s . The d e v e l o p m e n t 
e n v i r o n m e n t now i n use ( 7 ) c o n s i s t s of t h r e e 
l i n k e d m i c r o - c o m p u t e r s ( s e e f i g u r e 4 ) : one 
h o u s e s t h e E.S. f o r own-ship; a s e c o n d a c t s a s 
o w n - s h i p s i m u l a t o r , the t h i r d p r o v i d e s ' r a d a r ' 
d a t a f o r a h a z a r d s h i p , d r i v e n by a s i m u l a t o r 
module and s i m p l i f i e d E.S. module - w i t h 
manual o v e r r i d e , to s i m u l a t e a "rogue" s h i p . 
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The c o m p l e t e s y s t e m c o m p r i s e s 
t h r e e A t a r i ST c o m p u t e r s . a l l 
programmed i n t h e ' C l a n c u a a e . 
H a z a r d - s h i p and o w n - s h i p - E . S . 
c o m p u t e r s show d i s p l a y s o f t h e 
e n c o u n t e r a s s e e n from o p p o s i n g 
s t a n d p o i n t s . The f o r m a t of t h e 
multi-window d i s p l a y i s shown 
w i t h a n n o t a t i o n s i n t h e f i g u r e 
o p p o s i t e ( F i g u r e 5 ) . 
I n i t i a l p a r a m e t e r s f o r both 
v e s s e l s a r e i n p u t t o t h e 
r e l e v a n t ' s i m u l a t o r ' c o m p u t e r s . 
Dc»m&in s i z e and RDRR v a l u e f o r 
o w n-ship a r e i n p u t t o i t s E.S. 
computer. The e n c o u n t e r i s t h e n 
i n i t i a t e d . and c o n t r o l i n p u t s 
( E g . r e v i e w r e q u e s t s ) made v i a 
o w n - s h i p ' s E.S. computer. 
Tracks of vessels 
Tracy of 
'orr.-tiporuling (Wilion 
i»/ ivi-T-hip and Kizard 
riTJri or 
Iri-ffi-^rri; rvrae to 
11 ;-r<igrr.nr. ^ ; rtcci-'-.'.fr 
Options 
solcctabl') via Keyboard 
RevicM status during encounter 
Enlarge display of encounter 
R: Overtaking fron hazard's port 
quarter. Give-«ay to starboard. 
B: fit least 3B-degree turn. DoMin 
not noM threatened. Hold course 
Pnvi^ of prvffrBBa of encounter bo 
frr - my rmtjueetad at any iina. 
• T-.itt r^vinj uae r^quaac-cd at 
OUH-SKIP SEPdRflllQH HflZflRO 
Speed Course Status I Range Bearing Tine I Speed Course Status 
2^ ^ 6B ahead 12.8 68 66 clear I 1.9 235 U - I 7.B , 





The problem of d e f i n i n g an a p p r o p r i a t e t i . . - " 
f o r a v o i d a r i c e a c t i o r i h a s been a s u b j e c t , of 
c o n s i d f c r a t i oil by a s u c c e s s i o n of r e s e a r c h e r s 
i n t h i s f i e l d . !.<iok-ahead s i m u l a t i o n , l e a d i n g 
to a p r o v e n PSMT. would seem t.o come a s c l o s e 
a s p o s s i b l e to g u a r a n t e e i n g domain i n t e g r i t y 
w i t h o u t undue l o s s c>f e f f i c i e n c y . On a more 
g e n e r a l f r o n t . t h e t e c h n i q u e o f l o o k - a h e a d 
s i m u l a t i o n h a s shown i t s w o r t h a s a d e c i s i o n 
t o o l i n t h e r e a l - t i m e e x p e r t s y s t e m s f i e l d : 
f o r w a r d p l a n n i n g i n any t i r o c - v a r i a n t r u l e -
b a s e d s y s t e m muct b e n e f i t by s u c h an a p p r o a c h . 
1. I n t e r n a t i o n a l Marine O r g a n i s a t i o n . 1981. 
" I n t e r n a t i o n a l R e g u l a t i o n s f o r P r e v e n t i n g 
C o l I i s i o n s a t Sea" . 
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28. pp32e-344 
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J o u r n a l of N a v i g a t i o n . Volume 
7. CONCLUSIONS 
The i n f e r e n c e e n g i n e and r u l e s t r u c t u r e 
d e v e l o p e d f o r t h i s a p p l i c a t i o n a p p e a r t o meet 
the p e r c e i v e d need. The r u l e b a s e i t s e l f i s a t 
p r e s e n t f a i r l y s i m p l i s t i c . d e a l i n g o n l y w i t h 
o pen-sea e n c o u n t e r s between two v e s s e l s . 
However. the s y s t e m has been d e s i g n e d w i t h a 
view t o v e r y s u b s t a n t i a l e x p a n s i o n w i t h i n the 
c u r r e n t framework; t h i s s h o u l d accomodate any 
n e c e s s a r y i n c r e a s e i n c o m p l e x i t y of t h e r u l e s . 
The r e a l - t i m e n a t u r e o f t h e t a s k p l a c e s s e v e r e 
time c o n s t r a i n t s on p r o c e s s i n g ; t h e s e would 
appear to be a d e q u a t e l y met ( p r e s e n t and 
a n t i c i p a t e d f u t u r e n e e d s ) by t h e d e s i g n and 
i m p l e m e n t a t i o n of t h e E . S . . The r e v i e w p r o c e s s 
i s a l s o s t r o n g l y i n f l u e n c e d by t h e t i m e - b a s e d 
d e c i s i o n p r o c e s s ; t h e o p t i o n a l r e v i e w p r o v i d e s 
a b r i e f c h r o n o l o g i c a l a c c o u n t o f r e a s o n s f o r 
d e c i s i o n s a t s t a g e s i n t h e e n c o u n t e r . I t i s 
l i k e l y t h a t t h i s f e a t u r e w i l l need r e v i s i o n t o 
h a n d l e more complex s e q u e n c e s o f r u l e s . 
3. D a v i s . P . v . . Dove.M.J. & S t o c k e l . C . T . . 1980. 
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A computer-based simulation of any process or 
system requires d e f i n i t i o n of formulae 
governing Interaction between d i f f e r e n t 
e n t i t l e s or sub-systems. to a l e v e l of 
p r e c i s i o n considered adequate f o r the purposes 
of the exercise. Once such formulae have been 
derived, e i t h e r a n a l y t i c a l l y or e m p i r i c a l l y , 
the simulation may generally then be 
programmed as a single composite u n i t . 
However, such an approach presupposes t.hat 
none of the e n t i t i e s taking part i n the 
simulation possesses any Innate I n t e l l i g e n c e , 
and t h a t i n t e r a c t i o n w i l l take place on a 
purely mechanistic level. I f the system being 
simulated includes an I n t e l l i g e n t e n t i t y , 
capable of (and responsible f o r ) more complex 
decision-making, then other factors must be 
considered. Notably, a clear d i s t i n c t i o n must 
be drawn between the f u l l set of system st.ate 
v ariables and those which are available to 
t h i s i a t . e l l i g e n t e n t i t y f o r decision-making 
purposes. Not only must t h i s be so. I t must be 
seen t o be so. to maintain the v a l i d i t y of the 
simulation exercise. 
With the advent of the Expert System (E.S.). 
t h i s becomes more than an academic problem. 
P a r t i c u l a r l y i n control applications, where an 
E.S. may be part of a process being simulated, 
i t i s essential t o draw a c l e a r l i n e between 
the knowledge base f o r the E.S. and the 
parameter set for the s i m u l a t i o n . This may be 
most e f f e c t i v e l y and demonstrably achieved by 
housing the E.S. i n separate hardware: 
communication l i n k s may then pass appropriate 
data t o the E.S. , and c o n t r o l s i g n a l s back t o 
the main simulation database. 
Development of an e a r l i e r E.S-. f o r marine 
c o l l i s i o n avoidance, has now reached a stage 
where i t w i l l operate on a stand-alone basis 
i n a dedicated microcomputer system. The 
hypothetical vessel guided by t h i s E.S. l a 
simulated In a second microcomputer, l i n k e d to 
the E.S. by 2-way communication channels. A 
t h i r d microcomputer simulates the 'hazard* 
vessel, guided by a s i m p l i f i e d E.S. module; 
l i n k s between the knowledge bases of the two 
vessels carry data which would normally be 
available via radar and oth e r n a v i g a t i o n a l 
aids. 
This multi-computer simulation appears to be a 
very e f f e c t i v e way of checking the performance 
of such an E.S. p r i o r t o a c t u a l f i e l d t r i a l s . 
For I t s part, the E.S. has proved h i g h l y 






3-proces3or network - development 
and t e s t i n g environment f o r marine 
c o l l i s i o n avoidance expert system. 
As well as the expert system. the 
environment Inludes two simulated 
ships. own-ship and hazard vessel 
(see section 3 ) . 
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Qputer alaulat-ion i s w e l l established as a 
sign t o o l and planning aid i n a wide v a r i e t y 
f i e l d s . I t may be used t o save time, save 
a«y, reduce r i s k , or f a c i l i t a t e d e t a i l e d 
spection of processes. As a f i r s t step, the 
levant subsyat«ma oust be i d e n t i f i e d . The 
l e s governing I n t e r a c t i o n between subsystems 
ould then be defined t o a l e v e l of p r e c i s i o n 
p r o p r l a t o t o the purposes of the aimulatlon. 
ce those r u l e s have been ref i n e d I n t o a pure 
no - g e n e r a l l y as mathematical formulae -
e composite process may then be regarded as 
s i n g l e u n i t , and programmed as such. I n t e r -
l a t l o n s h i p s between elements of the system 
>pear i n t h e f i n a l package as functions of 
ate vectors, o r s t a t e t r a n s i t i o n tables. 
t i n general technique can be applied i n some 
irm t o any s i m u l a t i o n where the l i n k between 
luse and e f f e c t can be viewed as mechanistic, 
te t r a n s i t i o n f u n c t i o n approach breaks down. 
>wever, when one element of the simulation 
I an i n t e l l i g e n t e n t i t y : i n such cases, 
t a c t i o n t o a given set of conditions cannot 
snerally be programmed as a set of 
i t h e m a t l c a l f u n c t i o n s or decision matrices, 
le reasoned response of such an e n t i t y ' t o 
r e v e l l i n g circumstances i s i t s e l f a complex 
rocesa. r e q u i r i n g a t o t a l l y d i f f e r e n t 
pproach. 
h i s I s not t o say t h a t a l l simulations which 
nvolve humans (who are a l l . t o some extent, 
n t e l l l g e n t ) present such problems: population 
rowth. a c t u a r i a l f i g u r e s , and many other such 
odels des>end on a s t a t i s t i c a l approach t o 
umanlty 'en masse* which f i t s observed f a c t s ; 
uman operators of ship or f l i g h t simulators 
hould be regarded as actuators of simulation 
equences, r a t h e r than part of the simulation 
rocess I t s e l f . The problem only arises when 
n i n t e l l i g e n t e n t i t y plays an i n t e g r a l p a r t 
n the s i m u l a t i o n process. 
rhls has not generally presented a problem i n 
;he past, since one object of simulation has 
)een t o e l i m i n a t e the human f a c t o r . With the 
idvent of i n t e l l i g e n t knowledge-based systems 
(IKBS). a reasoning element has been brought 
Lnto machine processes; as real-time c o n t r o l 
IKBSs are developed, a s u i t a b l e simulated t e s t 
snvlronment I s required. Many applications of 
such IKBSs r e l y on rigorous simulation t e s t i n g 
p r i o r t o a c t u a l f i e l d t r i a l s . IKBS techniques 
may also be used t o undertake simulation of a 
k i n d not p r e v i o u s l y f e a s i b l e , where the human 
decision-making process forms an I n t e g r a l part 
of a l a r g e r p i c t u r e ; here machine i n t e l l i g e n c e 
may be used t o model response at an i n d i v i d u a l 
l e v e l , r a t h e r than on the macro scale referred 
t o p r e v i o u s l y . 
As w i t h other real-time response systems, the 
v a l i d i t y of the model or the t e s t environment 
requires t h a t t i m i n g i s t r u e - t o - l l f e . Timing 
co n s i d e r a t i o n s i n most mechanistic systems can 
be d e a l t w i t h by reference to a system clock 
or i n t e r r u p t timer. Timing of I n t e l l i g e n t 
systems cannot generally be pinned down In 
t h i s way; I n a d d i t i o n , processing demands of 
a l l but the simplest r u l e s t r u c t u r e are l i k e l y 
t o be s u b s t a n t i a l l y greater than those In most 
mechanistic systems - p a r t i c u l a r l y f o r c ontrol 
applications making uae of mathematical 
l i b r a r y functions ( t r i g , logs, s t a t s , e t c ) . 
Squally Important, i n considering the v a l i d i t y 
of a simulation exercise, i s the nature and 
scope of the information being passed to the 
I n t e l l i g e n t system, on which i t bases i t s 
decisions. I t i s c l e a r l y inappropriate t o make 
available a l l of the data c u r r e n t l y i n use i n 
the simulation. i f the f i n a l c o n t r o l system, 
o r the human counterpart of t h i s IKBS. would 
only have access t o part of t h a t information -
I.e. a clear separation between the database 
f o r the simulation and the knowledge base f o r 
the machine I n t e l l i g e n c e i s an essential 
feature of such a simulation environment. 
Given such considerations, a l o g i c a l approach 
I s t o t r e a t the IKfiS element of the model i n 
the same way as the 'human actuator' referred 
t o e a r l i e r - p h y s i c a l l y distanced from the 
r e s t of the simulation, w i t h s u i t a b l e i n t e r -
faces f o r t r a n s f e r of Information and control 
signals. Timing of the IKBS i s Independent of 
other processing, and w i t h adequate dedicated 
CPU power should not be a problem; t r a n s f e r of 
Information t o and from the IKBS i s e x p l i c i t , 
and therefore open t o v e r i f i c a t i o n : there I s 
( o r should be) no r i s k of o v e r - s i m p l l f I c a t l o n 
of the decision process by 'short-cuts' 
Inadvertently Introduced i n t o the simulation 
l o g i c , as might happen i n a single composite 
package. 
This approach has been used. f o r the reasons 
given above. i n a simulation incorporating an 
Expert System <E.S.) f o r marine c o l l i s i o n 
avoidance. The Rule Base f o r t h i s system Is 
founded on the I n t e r n a t i o n a l Regulations f o r 
Preventing C o l l i s i o n s at Sea [ 1 ) , supplemented 
by substantial research I n t o good p r a c t i c e , as 
observed by exi>erlenced mariners. The complete 
simulation environment comprises three micro-
computers, as shown i n f i g u r e 1. The eventual 
objective of t h i s p r o j e c t i s a bridge-based 
expert adviser f o r c o l l i s i o n avoidance. This 
system w i l l receive data from various sensory 
Inputs (navigational aids, radar, ship's speed 
and rudder p o s i t i o n , e t c ) . and give reasoned 
recommendations as t o appropriate a c t i o n . 
2. FRIHCIPLKS OF OPKRATIOM 
At the present phase of development, the rule 
base consists of rules f o r : 
(a) I d e n t i f y i n g the presence of a p o t e n t i a l 
hazard, and assessing the t h r e a t i n terms 
of expected time to infringement of the 
ship's domain (danger zone) - t h i s time 
factor I s c e n t r a l to the decision on when 
to take avoiding action. I f necessary; 
(b) I d e n t i f y i n g the type of encounter, 
inc l u d i n g several v a r i a n t s i n some cases 
(the primary types of encounter being 
head-on. crossing and overtaking), and 
f i x i n g the status of own-ship and the 
perceived status of hazard-ship in the 
encounter (head-on or give-way); 
(c) Negotiating the stages of the encounter, 
with appropriate safety margins. 
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The r u l e s I d e n t i f y i n g and handling the 
types of encounter are as follows: 
three 
(1) Head-on 
Tvo vessels are approaching each other on 
near- reciprocal bearings ( I . e . * or - 6 
degrees, i n t h i s system). A vessel I n 
such an encounter must consider I t s e l f 
give-way and a l t e r course t o starboard 
( r i g h t ) ; i t should not begin to come back 
onto course u n t i l the other vessel has 
passed 90 degrees on the port beam ( l e f t ) 
(2) Crossing 
Two vessels are approaching each other a t 
an angle such that each can see one side 
of the other; more s p e c i f i c a l l y , one 
vessel i s i n the sector subtended by the 
por t or starboard l i g h t - 112.5 degrees 
measured from the bow ( f r o n t ) on each 
side. The ship with the other vessel t o 
starboard should give way, a l t e r i n g 
course t o starboard and going behind. I t 
should not a l t e r back u n t i l the stand-on 
vessel has passed 15 degrees to port of 
own-ship's o r i g i n a l heading; 
(3) Overtaking 
A ship i s deemed t o be overtaking i f i t 
i s approaching from w i t h i n the stera-
l l g h t sector. I.e. the rear 135-degrce 
arc. I t should give way as follows: 
(a) I f on near-parallel course (Within 10 
degrees. i n t h i s system), go behind 
t o starboard; a l t e r back when safe t o 
do so; 
(b) I f on port quarter of stand-on 
vessel, action as for (a); 
(c) I f on starboard quarter, and set t o 
overtake ahead on current course, AND 
i f able t o p a r a l l e l courses without 
i n f r i n g i n g domain, parallel-up; when 
we l l past and clear t o p u l l across, 
re t u r n to o r i g i n a l heading; 
(d) Otherwise, go behind to port, a l t e r -
back when safe t o do so. 
The inference engine f o r t h i s system rests 
p r i m a r i l y on previous research i n the f i e l d of 
marine c o l l i s i o n avoidance. In p a r t i c u l a r , two 
w e l l - t r i e d concepts d i c t a t e the nature and 
extent of action taken: the domain, or 'danger 
zone' around a ship, into which no other 
vessel or obstacle may be allowed to encroach; 
and the arena, a larger zone around a vessel. 
Inside which any other vessel or obstacle must 
be considered a p o t e n t i a l hazard. 
The concept of the domain was advanced by 
Goodwin [2] as 'the e f f e c t i v e area around a 
ship which a navigator would l i k e to keep 
clear w i t h respect t o other ships and s t a t i c 
objects'. The expert system has as i t s f i r s t 
o b j e c t i v e the protection of the i n t e g r i t y of 
the domain. The arena concept was introduced 
by Davis [ 3 ] i n response to the observed 
action of mariners manoeuvring to prevent 
infringement of t h e i r domain by ships In t h e i r 
v i c i n i t y . This concept was refined by Colley 
[ 4 ] to a time f a c t o r , referred to as RDRR:-
Range-to-Domaln/Range-Rate - basically, the 
tlme-to-go (before calculated domain i n f r i n g e -
ment) a t which the mariner w i l l assess the 
status of h i s vessel and take appropriate 
action. For example, on the basis of a ship's 
handling c h a r a c t e r i s t i c s , a mariner may choose 
t o take action 15 minutes before p o t e n t i a l 
domain infringement - a 15-minuto RDRR. 
Colley's RDRR i s used to define minimum a c t i o n 
time; the look-ahead f a c i l i t y described i n 
section 6 then modifies that RDRR value i n the 
l i g h t of current circumstances - guaranteeing 
safe, but not excessive, manoeuvring time. 
This Predetermined Safe Manoeuvring Time 
(PSMT) replaces the previous 'beat guess' w i t h 
a c e r t a i n t y (barring untoward i n c i d e n t s 
section 6 considers t h i s p o i n t ) . 
Another basic p r i n c i p l e of c o l l i s i o n avoidance 
manoeuvres i s that not only must they be 
c a r r i e d out. they must also be seen t o be 
ca r r i e d out. No other form of communication 
between vessels can be assumed. and so any 
avoidance action must be c l e a r l y i d e n t i f i a b l e 
as such from another vessel. Such manoeuvres, 
under the d i r e c t i o n of the expert system, must 
be of s u f f i c i e n t magnitude (a "clear t u r n ' ) 
and i n good time, to Indicate t o the other 
vessel t h a t the encounter has been a n t i c i p a t e d 
and i s being dealt with. Any de c i s i o n to use 
the processing c a p a b i l i t i e s of the computer t o 
'optimise' course changes purely on the basis 
of 'safe clearance' c r i t e r i a must be moderated 
by such considerations. 
The current model uses a minimum t u r n of 30 
degrees, a value drawn from previous research 
by Colley C5]. The minimum RDRR i s defined as 
a parameter f o r each vessel - t y p i c a l l y 10 
minutes, but varied according t o the handling 
c h a r a c t e r i s t i c s of the vessel being simulated. 
The r u l e s i n the E.S. embody the I n t e r n a t i o n a l 
Regulations for Preventing C o l l i s i o n s at Sea. 
plus c l a r i f i c a t i o n of s p e c i f i c p r a c t i c a l 
d e t a i l s as noted by Colley and used most 
e f f e c t i v e l y In an e a r l i e r s i m u l a t i o n . Using 
these r u l e s , a c o l l i s i o n avoidance manoeuvre 
I s taken through f i v e stages, as f o l l o w s : 
(1) 20 minutes before projected domain 
infringement, look-ahead s i m u l a t i o n i s 
used to i d e n t i f y a s u i t a b l e PSMT, 
s t a r t i n g from the minimum RDRR. 
(2) When the PSMT i s reached, the give-way 
vessel I n i t i a t e s a turning a c t i o n ; 
(3) Once the required turn i s e f f e c t e d 
(minimum 30 degrees), the vessel proceeds 
on a s t r a i g h t course; 
(4) When the o r i g i n a l heading may be resumed 
without f u r t h e r r i s k of domain i n f r i n g e -
ment (and any other conditions are met), 
alter-back i s I n i t i a t e d , n e c e s s i t a t i n g a 
tu r n i n the opposite d i r e c t i o n ; 
(5) When back on the o r i g i n a l heading, vessel 
proceeds on that heading; manoeuvre over. 
a ADYANCKD DKYKt/jPHKNT KNYIROtflffiNT 
As previously stated. the system has been 
developed w i t h i n an integrated environment, 
comprising two simulated ships (each w i t h 
t h e i r own knowledge base) i n a d d i t i o n t o an 
expert system f or decision-making. I n the 
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e a r l y s^asos. a siDgle microcomputer housed 
the t o t a l package, a l t e r n a t e l y a c t i o n i i u a 
s h i p simulator module ( t o 'drive' the two 
ships) and an K.S. nodule (providing c o l l i s i o n 
avoidance decision-making f o r each vessel i n 
t u r n . Independently) at each tlme-atep. 
This setup, though adequate f o r I n i t i a l 
p r o t o t y p i n g , was considered to have c e r t a i n 
drawbacks. The authenticity of the s i m u l a t i o n 
process was f e l t to be compromised by the 
coexistence slde-by-slde of the knowledge 
bases f o r the two ships, and the common use of 
decision-making and simulation r o u t i n e s 
( d e s p i t e the Independent processing of the two 
v e s s e l s ) . More important* a single processor 
was responsible f o r both simulation and 
decision-making for two ships. Whilst t h i s has 
not proved a problem with simple models, 
i n c r e a s i n g complexity makes progressively 
g r e a t e r demands on processing time. 
With the i n t r o d u c t i o n of look-ahead si m u l a t i o n 
i n t o the decision process, processing r e q u i r e -
ments f o r the E.S. have expanded somewhat. 
This has h i g h l i g h t e d the need to move towards 
the f i n a l o b j e c t i v e , a dedicated computer 
housing the E.S., acting on data i n p u t from 
o t h e r sources. The development environment now 
i n use consists of three l i n k e d micro-
computers (see f i g u r e 1) *• one houses the E.S. 
f o r own-ship; a second acts as own-ship 
s i m u l a t o r ; the t h i r d provides 'radar' data f o r 
a hazard ship, driven by a simulator module 
and s i m p l i f i e d E.S. module - w i t h o p t i o n a l 
manual o v e r r i d e , to simulate a 'rogue' ship. 
^ IHFKRKNCR ENGIHK AMD ROLK BASK 
The f u n c t i o n of the Inference engine at each 
time-step i s t o : 
(a) receive the parameters from the simulator 
u n i t s (speed. heading, p o s i t i o n ) , and 
from them generate a set of secondary 
parameters - r e l a t i v e bearing. r e l a t i v e 
v e l o c i t y components, time to projected 
domain infringement, etc: 
(b) Apply the appropriate r u l e t o these 
parameters - depending on status of 
vessel as perceived at the previous time-
step - t o ascertain whether the status of 
the vessel has changed, and i f so, what 
t h a t new status should be: Each r u l e 
involves a t e s t on these system values, 
and may Involve evaluation of f u r t h e r 
mathematical functions of these values 
such functions form part of that r u l e . 
(c) I f the status of the vessel has changed, 
f l a g s are set for ship simulator a c t i o n : 
a l s o , a change of status may lead to 
f u r t h e r rules being invoked immediately: 
the inference engine w i l l continue to 
process successive rules u n t i l a 'defer' 
f l a g I s reached. i n d i c a t i n g t h a t no 
f u r t h e r action on the r u l e base i s 
required u n t i l the next time-step. 
The r u l e base Is a hierarchical s t r u c t u r e , 
based on the structure of a binary t r e e . 
However. the l e f t and r i g h t l i n k s from each 
node In t h i s 'tree' structure are rather more 
f l e x i b l e , In t h a t two or mora l i n k s may lead 
to a common node at a lower l e v e l , or a l i n k 
may loop back t o a node at a higher l e v e l . A 
schematic of t h i s structure, showing most of 
the i n i t i a l r u l e base, i s given I n Figure 2. 
In irtuT (• 
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Figure 2. 
Decision Network f o r Rule Base 
The r u l e base i s also in e f f e c t a state t a b l e , 
each node representing a possible s t a t e of 
own-ship - no encounter c u r r e n t l y i n progress, 
second stage of a crossing encounter. etc. 




Left and r i g h t l i n k s t o other nodes i n 
the r u l e structure (or looping back t o 
the same node) - one of these l i n k s w i l l 
be followed at every decision step: 
A mathematically-based decision f u n c t i o n , 
used to determine which l i n k i s taken at 
t h i s stage; 
A f l a g f o r each l i n k , i n d i c a t i n g i n each 
case whether the next r u l e i s t o be 
processed immediately, 
the next time-step; 
or deferred u n t i l 
(4) Ship status fl a g s , t o pass information t o 
simulator and display. 
Enhancement of the rule base involves creation 
of the appropriate new node(s). and r e s e t t i n g 
of the relevant l i n k s so as t o p o s i t i o n the 
node(3) c o r r e c t l y w i t h i n the r u l e s t r u c t u r e . 
Each of the rules involves a yes-no decision 
function. using i n e q u a l i t i e s based on current 
values of displacement and v e l o c i t y vectors. 
The majority of processing is thus concerned 
w i t h solution of t r i a n g l e s , and i n t e r s e c t i o n s 
of s t r a i g h t l i n e s with c i r c l e s - s u b s t a n t i a l 
evaluation of trigonometrical functions. I t i s 
anticipated that t h i s aspect of the E.S. w i l l 
escalate as more complex s i t u a t i o n s are taken 
i n t o account; t h i s has been a najor f a c t o r In 
determining choice of language and form of 
rule structure for t h i s t i m e - c r i t i c a l system. 
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Annotated example of expert 
system screen display. An 
overtaking encounter i s 
shown, w i t h ovD-ahip g i v i n g 
way. A review of the f i r s t 
part of the encounter has 
been given, on operator's 
request. 
nifiPLAY AMD nSKR IHTKRACTIPH 
The complete system comprises three A t a r i ST 
computers, a l l programmed In the 'C language. 
'Hazard vessel' computer and own-ship 'expert 
system' computer show screen displays of the 
encounter as seen from opposing standpoints. 
The format of the multi-window display I s 
shown with annotations In Figure 3. 
The graphics window shows tracks of own-ship 
and hazard; markers a t 8-minute (ship time) 
i n t e r v a l s Indicate corresponding points on the 
two tracks - asterisks f o r own-ship, diamonds 
fo r hasard. The status window at the bottom o f 
the screen gives d e t a i l on own-ship's status, 
and information as f a r as possible on observed 
status of hazard vessel. The review window 
(own-ship only) gives a time-based summary of 
decisions cuid actions so f a r (on request), 
corresponding t o markers on track of own-ship. 
I n i t i a l parameters f o r both vessels are input 
to the relevant 'simulator' computers. Domain 
size and RDRR value f o r own-ship are input t o 
own-ship's 'expert system' computer. The 
encounter I s then i n i t i a t e d , and subsequent 
co n t r o l Information (E.g. Review requests) 
input, v i a own-ship's K.S. computer. 
The rules f o r emergency avoidance of 'rogue' 
hazard vessels ( I . e . those which do not obey 
the c o l l i s i o n avoidance regulations) have not 
yet been added t o the r u l e base. However, the 
f a c i l i t y f o r simulating such a hazard has been 
incorporated i n t o the multl-computer system: 
The s i m p l i f i e d expert system module (used t o 
control the actions of the hazard ship in an 
encounter s i t u a t i o n ) i s housed i n the hazard 
vessel simulation computer, and linked to the 
simulator module f o r t h a t vessel; t h i s E.S. 
may be overridden, and the actions of the 
hazard vessel c o n t r o l l e d , by an operator a t 
the keyboard of that computer. This f a c i l i t y 
w i l l be used t o t e s t 'emergency action' r u l e s 
as they are added to the r u l e structure in the 







Figure i (below) shows a sequence 
look-ahead simulations of a 
encounter, w i t h own-ship t a k i n g 
a c t i o n . S t a r t i n g times f o r 
simulations work backwards from a 
minimum RDRR value. 
Simulations 1 and 2 both show own-ship's 
domain being I n f r i n g e d by the hazard vessel. 
Simulation 3 i d e n t i f i e s a safe time-to-go f o r 
the avoidance manoeuvre. 
Figure 1> 
Figures 5a, 5b, show the screen displays f o r 
own-ship and hazard ship respectively a f t e r an 
overtaking encounter. Own-ship has dratm 
p a r a l l e l w i t h hazard vessel, overtaken on the 
starboard ( r i g h t ) side, then alt.ered back onto 
o r i g i n a l course well ahead of hazard. A review 




Display of overtaking manoeuvre 
as shown on own-ship's expert 
system computer. Own-ship i s 
give-way vessel i n t h i s 
encounter. 
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Display of manoeuvre shown i n 
fig u r e 5a. as seen on display of 
hazard ship simulator computer. 
HaLard ship i s stand-on vessel. 
ft. CQHCLPSIQHS 
M u l t i p l e s i m u l a t i o n runs have shown the expert 
system e f f e c t i v e i n dealing with simple 2-ship 
encounters; the structure of the system allows 
expansion of the rule base to handle complex 
encounter s i t u a t i o n s . Look-ahead simulation, 
as a de c i s i o n t o o l w i t h i n the expert system, 
ensures t h a t a c t i o n i s taken at an appropriate 
time to guarantee a successful manoeuvre w i t h -
out r i s k of domain infringement - t h i s t o p i c 
i s considered more f u l l y elsewhere [ 6 ] . 
The combination of expert systems technology 
w i t h e s t a b l i s h e d simulation techniques has led 
to a need f o r a new-style approach. The use of 
a number o f computers, with interchange of 
Inf o r m a t i o n a t an appropriate l e v e l , would 
appear t o o f f e r i n t e r e s t i n g p o s s i b i l i t i e s i n 
the f i e l d of I n t e l l i g e n t simulation processes. 
S p e c i f i c a l l y i n respect of a test vehicle f o r 
an i n t e l l i g e n t c o l l i s i o n avoidance system, 
t h i s approach has provided an e f f e c t i v e model 
of r e a l - w o r l d circumstances. giving a sound 
basis f o r continued system development. 
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Abstract 
A potential encounter situation between two or more vessels requires an intelligent, 
reasoned response from the master of each of those vessels. A computer-based expert 
system for marine collision avoidance should also be capable of emulating all of these 
functions. Notably, the decision-taking function requires considerably more than a 
simple mechanistic application of the anti-collision regulations. 
This paper describes the development of such a system, supported by a simulation 
environment incorporating two ancillary computers to simulate own-ship and haz-
ard vessel. To date, a very simplistic ship model has been used, comprising simple 
constant velocity motion plus arcs of circles at constant speed for turning curves. 
Multivariable system theory is employed to describe the dynamic characteristics of 
surface vessels to provide a more elegant, and accurate ship model. Optimal control 
theory is employed to provide a completely automatic guidance system. 
The possibility of creating an intelligent guidance system is considered, whose normal 
task is to lock a vessel onto a predefined track at a given speed and heading. If an 
encounter situation with another vessel arises, the collision avoidance module will flag 
the control system as to the necessary course of action to take so that the international 
regulations are not breached. 
1. I N T R O D U C T I O N 
The master of a modern vessel, standing on the bridge of his ship, receives a wide 
range of information from a variety of sources; instruments connected to relevant 
equipment give him ship's rudder setting and engine rpm; appropriate sensors give 
information on speed through the water, pitch, roll and yaw; navigational aids such 
as Decca, Omega, Loran-C and satellite navigation systems provide accurate data 
(typically within a few metres) for fixing position and ground speed (i.e. true speed, 
relative to the sea-bed); detector systems such as radar and sonar warn of obstacles 
1 2 1 
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above or below the surface, giving range and direction - an enhancement of radax, 
the ARPA (Automatic Radar Plotting Aid) system, even gives the (relative) speed 
and course of any moving hazard in the vicinity, such as another ship. Additionally, 
of course, he has his own eyes and ears, and those of his crew, to fill any gaps left by 
those electronic aids. 
The system under development is intended ultimately to be yet another electronic aid 
on the bridge, one which will receive data from a variety of these sensors (plus chart 
data from on-board 'electronic charts*) cuid give a reasoned response to prevailing 
circumstances. Clearly 'eyes and ears' information may be input via a keyboard, when 
necessary. Rather than proliferating the mass of data to be assimilated by the ship's 
master, the purpose of this device is to collate relevant data in the field of collision 
avoidance. Reasoned conclusions and recommendations may then be presented in an 
easily-digested form, to hopefully reduce the scope for error by omission, misreading, 
or simply 'information overload'. 
The development environment consists of two simulated ships in open-sea conditions. 
One, termed 'own-ship\ is under the guidance of the expert system described here; 
the other, the 'hazard vessel', is also guided by machine intelligence, with an option 
to manually override such control. The rule base for the expert system is based on 
the International Regulations for Preventing Collisions at Sea (1), supplemented by 
substantial research into good practice, as observed by experienced mariners. Output 
is presented in the form of a multi-window display, combining graphical, numerical 
and textual information - see annotated example in Figure 1. 
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Figure 1. Annotated Example of Screen Display 
The expert adviser is currently being transferred to an Acorn Archimedes RISC 
(Reduced Instruction Set Computer) System, a multitasking WIMPS (Windows-
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Icons-Mouse-Printer System) environment, with capability for substantial sensory 
inputs and control outputs. The combination of processing power, communication 
interfacing capability, presentation style and user interaction well suit this system for 
such a task. 
2. P R I N C I P L E S O F O P E R A T I O N 
At the present phase of development, the rule base consists of rules for: 
a) Identifying the presence of a potential hazard, and assessing the tlireat in terms 
of expected time to infringement of the domain - this time factor is central to 
the decision on when to take avoiding action, if necessary; 
b) Identifying the type of encounter, including several variajits in some cases (the 
primary types of encounter being head-on, crossing and overtaking), and fixing 
the status of own-sliip and the perceived status of hazard-ship in the encounter 
(head-on or give-way); 
c) Negotiating the stages of the encounter, with appropriate safety margins. 
The rules identifying and handling the three types of encounter are as follows: 
1) Head-on - Two vessels are approaching each other on near-reciprocal bearings 
(i.e. ±6*^, in this system). A vessel in such an encounter must consider itself 
give-way and alter course to starboard (right); it should not begin to come back 
onto course until the other vessel has passed 90 degrees on the port beam (left); 
2) Crossing - Two vessels are approaching each other at an angle such that each can 
see one side of the other; more specificaily, one vessel is in the sector subtended 
by the port or starboard light —112.5° measured from the bow (front) on each 
side. The ship with the other vessel to starboard should give way, altering course 
to starboard and going behind. It should not alter back until the stand-on vessel 
has passed 15" to port of the own-ship's original heading; 
3) Overtaking - A ship is deemed to be overtaking if it is approaching from within 
the stern-light sector, i .E . The rear 135** arc. It should give way as follows: 
a) If on near-parcdlel course (within 10**, in this system), go behind to star-
board; alter back when safe to do so; 
b) If on port quarter of stand-on vessel, action as for (a); 
c) If on starboard quarter, and set to overtake ahead on current course, AND 
if able to parallel courses without infringing domain, parallel-up; when well 
past and clear to pull across, return to original heading; 
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d) Otherwise, go behind to port, alter-back when safe to do so. 
The inference engine for tliis system rests primarily on previous research in the field of 
marine collision avoidance. In particular, two well-tried concepts dictate the nature 
and extent of action taken: the domain, or 'dcinger zone' around a ship, into which 
no other vessel or obstacle may be allowed to encroach; and the arena, a large zone 
around a vessel, inside which any other vessel or obstacle must be considered a 
potential hazard. 
The concept of the domain was advanced by Goodwin (2) a-s 'the effective area 
around a ship which a navigator would like to keep clear with respect to other ships 
and static objects'- The expert system has as its first objective the protection of 
the integrity of the domain. The arena concept was introduced by Davis (3) in 
response to the observed action of mariners manoeuvring to prevent infringement of 
their domain by ships in their vicinity. This concept was refined by Colley (4) to 
a time factor, referred to as RDRR:- Range to Domiiin/Rangc-Rate - basically, the 
time-to-go (before calculated domain infringement) at which the mariner will assess 
the staus of his vessel and take appropriate action. For example, on the basis of 
a ship's handling characteristics, a mariner may choose to take action 15 minutes 
before potential domain infringement - a 15 minute R D R R . 
Colley's R D R R is used to define minimum action time; the look-ahead facility de-
scribed in section 4 then modifies that R D R R value in the light of current circum-
stances - guaranteeing safe, but not excessive, manoeuvring time. This Predeter-
mined Safe Manoeuvring Time (PSMT) replaces the previous 'best guess' with a 
certainty (barring untoward incidents - section 4 considers this point). 
Another basic principle of collision avoidance manoeuvres is that not only must they 
be carried out, they must also be seen to be carried out. No other form of communi-
cation between vessels can be assumed, and so any avoidance action must be clearly 
identifiable as such from another vessel. Such manoeuvres, under the direction of the 
expert system, must be of sufficient magnitude (a 'clear turn') and in good time, to 
indicate to the other vessel that the encounter has been anticipated and is being dealt 
with. Any decision to use the processing capabilities of the computer to 'optimise' 
course changes purely on the basis of 'safe clearance' criteria must be moderated by 
such considerations. 
The current model uses a minimum turn of 30**, a value drawn from previous research 
by Colley (5). The minimum R D R R is defined as a parameter for each vessel -
typically 10 minutes, but varied according to the handling characteristics of the 
vessel being simulated. 
3. I N F E R E N C E E N G I N E A N D R U L E S T R U C T U R E 
The function of the inference engine at each time-step is to: 
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a) Receive the parameters from the simulator units (speed, heading, position) and 
from them generate a set of secondary parameters - relative bearing, relative 
velocity components, time to projected domain infringement, etc.; 
b) Apply the appropriate rule to these parameters - depending on status of vessel 
as perceived at the previous time-step - to ascertain whether the status of 
the vessel has changed, and if so, what the new status should be. Each rule 
involves a test on these system values, and may involve evaluation of further 
mathematical functions of these values - such functions form part of that rule. 
c) If the status of the vessel has changed, flags are set for ship sinnulator action; 
also, a change of status may lead to further rules being invoked immediately; 
the inference engine will continue to process successive rules until a 'defer* flag 
is reached, indicating that no further action on the rvilc base is required until 
the next time-step. 
The rule base is a hierEirchical structure, based on the structure of a binary tree. 
However, the left cmd right Unks from each node in this 'tree' structure are rather 
more flexible, in that two or more links may lead to a common node at a lower level, 
or a link may loop back to a node at a higher level. A schematic of this structure, 
showing most of the initial rule base, is given in Figure 2. 
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etc. e 
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H Yl Now dear? N | 
. • L _ _ I 
Figure 2. Rule Structure 
The rule base is also in eff"ect a state table, each node representing a possible state of 
own-ship - no encounter currently in progress, second stage of a crossing encounter, 
etc. Each node contains: 
1) Left and right links to other nodes in the rule structure (or looping back to the 
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same node) - one of these l inks wil l be followed at every decision step; 
2) A mathemat ica l ly -based decision funct ion , used to detennine w h i c h l ink is taken 
at this stage; 
3) A flag for each l ink, indicat ing in each case whether the next rule is to be 
processed immediately, or deferred unt i l the next t ime-step; 
4 ) S h i p s tatus flags, to pass information to s imulator and display; 
E n h a n c e m e n t of the rule base involves creat ion of the appropriate new node(s ) , ajid 
resett ing of the relevant links so as to posit ion the node(s) correct ly wi t l i in the rule 
s tructure . 
T h e rules embody the Internat ional Regulat ions for Prevent ing Col l i s ions at Sea , plus 
c lari f icat ion of specific pract ical details as noted by Col ley and used most eflfectively |-
in earl ier s imulat ion. Us ing these rules , a coll is ion avoidance m a n o e u v r e is taken ^ 
through five stages, as follows: ! 
f 
r 
1) 20 minutes before projected domain infringement, look-ahead s imula t ion is used 
to identify a suitable P S M T , s tar t ing from the m i n i m u m R D F I R . 
2) W h e n the P S M T is reached, the give-way vessel initiates a turn ing act ion; 
3) O n c e the required turn is effected ( m i n i m u m 3 0 ° ) , the vessel proceeds on a 
s traight course; 
4) W h e n the original heading may be resumed without further risk of domain 
infringement (and any other condit ions are m e t ) , alter-back is in i t ia ted neces-
s i tat ing a turn in the opposite direction; 
5) W h e n back on the original heading, vessel proceeds on that heading; manoeuvre 
over. 
E a c h of the rules involves a yes-no decision funct ion, using inequalit ies based on 
current values of displacement and velocity vectors. T h e major i ty of processing 
is thus concerned with solution of triangles, a n d intersections of s tra ight l ines with 
circles - substant ia l evaluation of tr igonometrical functions. It is ant ic ipated that this 
aspect of the E . S . W i l l escjdate as more complex s i tuat ions are taken into account; 
this has been a m a j o r factor in determining choice of language and form of rule 
s t ruc ture for this t ime-crit ical system. 
4 . L O O K - A H E A D S I M U L A T I O N 
A character i s t ic of expert systems is that intuit ive reasoning by the h u m a n expert 
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must be emulated in a computer s y s t e m by a n expl ic i t logical sequence of causc-
and-efFect. Such reasoning m a y be diff icult to identify, let alone rat ional ise a n d 
then emulate. A classic example is the decision on when to evaluate a n encounter 
a n d initiate collision avoidance act ion. E x t e n s i v e observat ion would suggest that 
a competent mariner has in m i n d a fa ir ly well-defined time-to-go before domain 
infringement, at which point in t ime the nature of the encounter is identif ied and 
appropriate avoidance action decided upon; too soon, a n d the course a l terat ion wi l l 
be excessive; too late, a n d the domain infr ingement m a y not be avoided. 
However, results from the mult iple encounter s imulat ion above show that such a 
fixed 'time-to-go' criterion is not adequate for al l possible encounter s i tuat ions . It 
seems most probably that the expert m a r i n e r would readi ly identify those cases wli ich 
require earl ier-than-usual act ion; aj i expert sys t em, of the type under considerat ion 
here, should likewise be capable of doing so. T h i s has prompted the inclusion of jus t 
such a facility, one which will identify the o p t i m u m decision t ime for a n y par t i cu lar 
scenario. Such a d y n a m i c time-to-go is p inpointed by considerat ion of the eventual 
consequences; this means inclusion of a look-ahead faci l i ty as an integral part of the 
decis ion-making process. 
20 minutes before projected domain infr ingement , the E x p e r t S y s t e m s imulates a 
complete encounter as it would proceed if ac t ion were to be taken at , say, 10 minutes 
before domain infringement, (this m i n i m u m figure is variable , being input as an 
init ial parameter) . I f this time interval proves inadequate , the sys tem wil l run another 
s imulat ion, this t ime for a 12-minute time-to-go. T h e decision threshold is moved 
successively back, wi th a new s imulat ion for each, unt i l a sat isfactory time-to-go is 
identified. T h e E x p e r t S y s t e m then allows the encounter to proceed to that P S M T 
(Predetermined Safe M a n o e u v r i n g T i m e ) , whereupon the decision on encounter type, 
a n d appropriate avoidance act ion, is taken. See F i g u r e 3. 
F igure 3 shows a sequence of three look-al iead s imulat ions of a cross ing encounter , 
wi th own-ship taking avoidance act ion. S t a r t i n g times for successive s imulat ions work 
backwards from a predefined m i n i m u m . 
Simulat ions 1 a n d 2 both show own-ship's domziin (scifety zone) being infringed by the 
hazard vessel. S imulat ion 3 identifies a safe time-to-go for the avoidance manoeuvre . 
T h e incorporation into the E x p e r t S y s t e m of such a facility, requir ing possibly several 
complete encounter s imulat ions to achieve its object ive , wi l l c learly put pressure on 
the time constraints of a real-t ime sys tem. It is essential that the necessary process ing 
be completed well in advance of the cr i t ica l phase of the encounter. I n the present 
idealised situation - two ships in a n open sea - process ing t ime is not a problem. 
However, it is envisaged that in more complex scenarios (e.g. those involving a 
number of vessels), such processing may require other dec i s ion-making logic to be 
suspended for several t ime-steps whilst it is under way. 
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Figure 3. Mul t ip le L o o k - A h e a d Sys tc in 
5 . T H E D E V E L O P M E N T E N V I R O N M E N T 
W i t h the introduct ion of look-ahead s imula t ion into the decision process , process ing 
needs for the E . S . Have expanded, h ighl ight ing the need to move towards the final 
objective - a dedicated computer hous ing the E . S . , act ing on da ta input from other 
sources. T h e development environment now i n use (6 ) consists of three l inked micro-
computers (see F igure 4); one houses the E . S . F o r own-ship; a second acts as own-sh ip 
simulator; the th ird provides 'radar' d a t a for a h a z a r d ship, driven by a s imulator 
module and simplif ied E . S . module - w i t h m a n u a l override, to s imulate a 'rogvie^ ship. 
T h e new implementat ion, on the A c o r n R I S C machine, will allow three modes of 
operation: 
1) Programs s imulat ing own-ship a n d h a z a r d vessel, running as separate tasks 
on the same computer, with softwsire communica t ion l inks represent ing sen-
sor /contro l d a t a and radar input (both w a y s ) respectively; 
2) S imulator programs on separate processors, as at present, wi th p;u-;dlcl ;uid 
serial hcirdwarc l inks to own-ship a n d h a z a r d , respectively. 
3) Rea l d a t a , input v ia parallel a n d serial l inks from ship's sensors a n d r ad ar , on 
board a suitably-f i t ted research vessel. 









6 . T H E S H I P G U I D A N C E P R O B L E M 
Most exist ing commerciad ship autopilots are single input , single output control sys-
tems, the output variable usual ly being heading. S u c h a system is unsui table for 
automat ic collision avoidance, where it is esscnticd to know at any instant the posi-
tion of the vessel, together w i t h its forward velocity a n d heading. 
Mult ivar iable sys tem theory may be used to model such a s i tuation and opt imal 
control theory employed to formulate a control policy. 
S y s t e m Model - It has been shown ( 7 ) that the equations of motion for a ship in a 
manoeuvr ing s i tuation may be expressed in surge, sway and yaw by the state matr ix 
vector 
X{t) = F{i)X{t) + Gc{t)U{t) + GD{t)u:{t) ( 1 ) 
which has a state vector: 
(2 ) 
a control vector: 
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a n d a disturbsince vector: 
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(3) 
UJ-^ = (UcVcUaVa) (4) 
G u i d a n c e S y s t e m - T h e essential features of a ship a u t o m a t i c guidance sys t em are 
shown in F i g u r e 5. 
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Figure 5. S h i p A u t o m a t i c G u i d a n c e S y s t e m 
Determinis t i c O p t i m a l Contro l - T h e quadrat ic cr i ter ion to be minimised is: 
J = r [{X - r ) ^ Q ( A ' -r) + U'RU] dt. 
Jin 
(5) 
where r is the desired value of the state vector, suppl ied by the collision avoidance 
module. It c a n be shown that constrained funct ional min in ia l i sa i ion yields the sim-
plified matr ix R i c c a t i equations: 
W F + F'^W + Q- WGR-'C'W = 0 
T h i s provides the opt imal control law: 
(6) 
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U,^,=r-R-'G'^WX (7 ) 
or, 
Uopt = r-SX (8 ) 
7. L I N E A R O P T I M A L , C L O S E D - L O O P P O L E A S S I G N M E N T 
Cons ider the t ime-invarient form of the state equations (1) together w i t h the opt imal 
control law (equation 7) . U p o n subst i tut ion of (7 ) into (1 ) for no d is turbances: 
X = i F - GR-'G'^W)X + Gr (9) 
or 
X =iF-GS)X -\-Gr (10) 
were the term (F — GS) may be identified as the closed-loop state m a t r i x of the 
opt imal system. T h e opt imal closed-loop e igen \^ues (poles) are then given by: 
| 5 7 - ( F - G 5 ) | = 0 (11) 
It is apparent that when F a n d G are t ime-invariant the location of the opt imal 
closed-loop poles depend upon the \'alue of the feedback matr ix S, wh ich in turn is 
dependent upon weighting matr ices Q and R . 
Us ing equation (11) K o u v a r i t a k i s (8) has demonstrated that the optim;d eigenvalues 
may be placed as shown in F i g u r e 6. T h e effect of changes in forward velocity are 
considered elsewhere.(9) 
8. C O M P U T E R S I M U L A T I O N O F G U I D A N C E S Y S T E M 
Hav ing established an opt imal control law, it is necessary to assess its effectiveness. 
A n evaluation was undertaken by conduct ing a computer s imulat ion s tudy of the 
automat ic guidance system implemented on the trail ship in the approaches to P ly -
mouth , U . K . , using a pre-determined track. 
In F igure 7, the vessel is travel l ing at 7.717 m / s (15 knots ) and it can be seen that 
there is an overshoot at each way-point . T h i s may be corrected for by ( a ) reverse-t ime 
integration or (b ) dual-mode operation. 
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Figure 7. Effect of Trans i en t Overshoot 
W i t h the fonner , a reverse-time command vector is generated from knowledge of the 
ship's closed-loop d y n a m i c s together wi th the desired state vector. T h e technique was 
found to possess good transient antic ipation but suffered from a lack of s teady-state 
accuracy, this being sensitive to controller sett ing. 
Dual -mode control , on the other h a n d , is a s imple concept that allows the c o m m a n d 
vector to be replaced by a method of advancing way-points so that t rack-chang ing 
occurs without overshoot. A t the advanced way-point , a swi tch is made from track to 
G K Blackvrell and R S Burns 133 
course-keeping. T h i s init iates a turn ing manoeuvre and when the course error is less 
than a prescr ibed amount , track-keeping mode is re-established. D u a l - m o d e control 
was found to possess excellent track-keeping capabi l i ty as can be seen in F i g u r e 8. 
26o6 ' " 3o5o 5o5o 
F i g u r e 8. D u a l - M o d e Contro l w i t h W a y - P o i n t Ant ic ipat ion 
9 , C O N C L U S I O N S 
T h e concept of a completely automat ic sys tem that: 
a ) makes decisions on whether an avoidance manoeuvre is necessar>' 
b ) decides on what the correct avoidance measure is; 
c ) Implements the manoeuvre; 
would be viewed with suspicion by most ship's masters . A more acceptable so lut ion 
is one whereby the sensorj' system is used in an advisory role, wi th the a u t o m a t i c 
sys tem as a backup. T h i s is the direction taken by the aerospace industr ies , where 
piloted landings are the norm but automat ic landings arc employed under bad weather 
conditions. It is still an undisputed fact however, that most collisions a t sea are s t i l l 
the result of h u m n a error, and any sys tem, whether advisory or a u t o m a t i c that c a n 
reduce the probabil i ty of such events occurr ing is worthy of investigation. 
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N O M E N C L A T U R E 
Matr ices and Vectors 
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X , Xq 
Cont inuous T i m e S y s t e m M a t r i x 
Cont inuous T i m e Forc ing M a t r i c e s 
Identity M a t r i x 
State E r r o r Weight ing M a t r i x 
Contro l Weight ing M a t r i x 
Des ired S t a t e M a t r i x 
Feedback G a i n M a t r i x 
S y s t e m Input Vector 
R i c c a t i M a t r i x 
D i s turbance Vector 
Sh ip a n d E a r t h R e l a t e d State Vectors 
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U, Uc, U a 
V, V „ 
X, y, z 
Integer Counter 
A c t u a l a n d D e m a n d e d E n g i n e Speeds 
Y a w R a t e 
L a p l a c e Operator 
Cont inous T i m e 
Sampl ing T i m e Interval 
F o r w a r d Velocity of S h i p , C u r r e n t and A i r 
L a t e r a l Velocity of Sh ip , C u r r e n t a n d A i r 
Sh ip R e l a t e d C a r t e s i a n CO-ordinate S y s t e m 
Actu€d a n d demanded R u d d e r Angles 
Head ing of Ship 
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FITTING-OUT 
The q u a l i t y and a p p l i c a b i l i t y o f a d v i c e g i v e n 
by an i n t e l l i g e n t k n o w l e d g e - b a s e d s y s t e m ( I K B S ) 
i s bounded by a number o f c o n s t r a i n t s : f i r s t , 
any l i m i t a t i o n s i n t h e s c o p e and f l e x i b i l i t y o f 
t h e IKBS t o n o n - s t a n d a r d s i t u a t i o n s ; s e c o n d , 
c e r t a i n r e l e v a n t i n f o r m a t i o n may b e u n a v a i l a b l e 
t o t h e knowledge b a s e ; t h i r d , v a r i a t i o n s i n t h e 
q u a l i t y ( a c c u r a c y ) o f i n f o r m a t i o n p a s s e d t o t h e 
s y s t e m may a f f e c t t h e r e l i a b i l i t y o f t h e 
r e s p o n s e g i v e n by s u c h an e x p e r t a d v i s o r . 
T h i s l a s t p o i n t i s p a r t i c u l a r l y p e r t i n e n t i n 
t h e c a s e o f a r e a l - t i m e IKBS w i t h s e n s o r y 
i n p u t ; any s e n s o r w i l l be s u b j e c t t o a d e g r e e 
o f e r r o r ( e . g . t e m p e r a t u r e r e a d i n g s t o p l u s o r 
m i nus 2 p e r c e n t ) , and an I K B S s h o u l d be 
'aware' o f s u c h l i m i t a t i o n s i n o r d e r t o i n c l u d e 
a p p r o p r i a t e s a f e t y m a r g i n s i n i t s r e a s o n i n g a n d 
i t s c o n c l u s i o n s . A s e n s o r - b a s e d s y s t e m may a l s o 
be p r o n e t o c e r t a i n ' b l i n d s p o t s ' - any s u c h 
l i k e l i h o o d o f p a r t i a l i n f o r m a t i o n s h o u l d a l s o 
f e a t u r e i n t h e r u l e b a s e . 
A l i m i t a t i o n w h i c h i s u n i q u e t o r e a l - t i m e I K B S 
i s t h a t o f t i m e l i n e s s : t h e v a l u e o f a d e c i s i o n 
o r r e c o m m e n d a t i o n i s d e p e n d e n t on i t s b e i n g 
a v a i l a b l e i n t i m e f o r i t t o a f f e c t t h e outcome 
o f t h e p r o c e s s b e i n g m o n i t o r e d . D e p e n d i n g on 
t h e t i m e - f r a m e a v a i l a b l e f o r e v a l u a t i o n o f t h e 
r e l e v a n t f a c t s , and t h e l e v e l o f c o m p l e x i t y o f 
s u c h e v a l u a t i o n , t h i s c o n s t r a i n t may a p p l y 
p r e s s u r e on t h e e x p e r t s y s t e m i n two w a y s : t h e 
d e s i g n and f u n c t i o n i n g o f t h e i n f e r e n c e e n g i n e 
( i . e . i t s h a n d l i n g o f t h e r u l e b a s e ) must be so 
s t r e a m l i n e d a s t o f i r e t h e a p p r o p r i a t e s e q u e n c e 
o f r u l e s a s t i m e - e f f i c i e n t l y a s p o s s i b l e ; and 
r.he r u l e s t r u c t u r e i t s e l f must p r o v i d e f o r 
t p t i m a l a n a l y s i s o f a s i t u a t i o n - ' o p t i m a l ' i n 
ihe s e n s e o f s p e e d , c o n c o m i t a n t w i t h f u l l 
' • v a l u a t i o n o f a l l r e l e v a n t i n f o r m a t i o n . 
By t h e n a t u r e o f s u c h a s y s t e m , a l l a n a l y s i s 
and p l a n n i n g i s f o r w a r d - l o o k i n g i n t i m e ; a n y 
p r o p o s e d s t r a t e g y must t a k e i n t o a c c o u n t t h e 
p o s s i b l e f u t u r e c o n s e q u e n c e s o f s u c h a c t i o n . 
R e l a t i n g t h i s t o games t h e o r y , e a c h p o s s i b l e 
move' must be c o n s i d e r e d i n t h e l i g h t o f t h e 
l i k e l y f u t u r e 'game s t a t e ' , o r e v e n a l t e r n a t i v e 
p o s s i b l e game s t a t e s . The s c o p e f o r s u c h 
a l t e r n a t i v e s e x p a n d s r a p i d l y a s e x t r a p o l a t i o n 
i n t o f u t u r e t i m e - f r a m e s i s e x t e n d e d ; t h i s l o o k -
a h e a d p r o c e s s i s one o f t h e m a j o r f a c t o r s w h i c h 
must be o p t i m i s e d , w i t h o u t l o s s o f s i g n i f i c a n t 
d e f i n i t i o n . A p r e v i o u s p a p e r p r e s e n t e d by t h e 
a u t h o r s ( 1 ) d e a l t w i t h t h e s u b j e c t o f l o o k -
a h e a d s i m u l a t i o n f o r r e a l - t i m e e x p e r t s y s t e m s . 
C o n t i n u i n g t h e a n a l o g y : t h e game a l s o becomes 
more complex, and t h e number o f o p t i o n s g r o w s 
r a p i d l y , a s t h e number o f p i e c e s on t h e b o a r d 
i n c r e a s e s . T h i s e x p a n s i o n i s c e r t a i n l y n o t 
l i n e a r ; i n g e n e r a l , i t f o l l o w s a f a c t o r i a l , o r 
e v e n e x p o n e n t i a l , g r o w t h p a t t e r n . A s y s t e m 
w h i c h i s f a i r l y s i m p l e t o a n a l y s e when l i m i t e d 
t o two e n t i t i e s may r e q u i r e s u b s t a n t i a l l y more 
p r o c e s s i n g when f u r t h e r e n t i t i e s a r e t a k e n i n t o 
c o n s i d e r a t i o n . T h e r u l e b a s e must be s t r u ' - t u r e d 
t o a c c o m o d a t e s u c h e x t e n s i o n s a s e f f i c i e n t l y a s 
p o s s i b l e , w i t h o u t l o s s o f s i g n i f i c a n t d e t a i l . 
An o p t i m a l s t r a t e g y w i l l i n g e n e r a l be d e r i v e d 
by a s s e s s i n g t h e a l t e r n a t i v e s ( i . e . s i m u l a t i n g 
t h e e f f e c t s o f e a c h s u c c e s s i v e l y a l o n g t h e 
t i m e - l i n o ) , a n d s e l e c t i n g t h e ' b e s t ' - on t h e 
b a s i s o f a number o f c r i t e r i a , a p p r o p r i a t e l y 
w e i g h t e d . Some s t r a t e g i e s may d i s q u a l i f y them-
s e l v e s by l e a d i n g t o an u n a c c e p t a b l e o u t c o m e . 
A v e r y h i g h d e g r e e o f p a r a l l e l i s m i s e v i d e n t i n 
t h i s t a s k , i n d i c a t i n g t h a t s u b s t a n t i a l b e n e f i t s 
may be g a i n e d by u s e o f p a r a l l e l p r o c e s s i n g 
t e c h n i q u e s . 
T h e a u t h o r s a r e c o n c e r n e d w i t h d e v e l o p m e n t o f 
o n - b o a r d I K B S f o r m a r i n e c o l l i s i o n a v o i d a n c e , 
l i n k e d t o r a d a r and s i m i l a r s e n s o r y i n p u t 
s y s t e m s , a s w e l l a s p r o v i d i n g k e y b o a r d / V D U 
c o m m u n i c a t i o n f o r t h e u s e r . P r e v i o u s work was 
b a s e d on t w o - s h i p e n c o u n t e r s i n t h e open s e a ; 
c u r r e n t d e v e l o p m e n t s c e n t r e on e x t e n s i o n o f t h e 
r u l e b a s e t o h a n d l e m u l t i - s h i p e n c o u n t e r s . 
From t h e o u t s e t , t h e above c o n s i d e r a t i o n s h a v e 
b e e n t a k e n i n t o a c c o u n t i n b o t h t h e s t r u c t u r e 
o f t h e i n f e r e n c e e n g i n e a n d t h e u n d e r l y i n g 
p r i n c i p l e s o f t h e r u l e b a s e . 
T h e f i r s t , f a i r l y s i m p l i s t i c , a p p r o a c h i s t o 
i d e n t i f y t h e h a z a r d v e s s e l p o s i n g t h e g r e a t e s t 
i m m e d i a t e t h r e a t , d e a l w i t h t h a t a s an i s o l a t e d 
u n i t , t h e n r e - e v a l u a t e t h e new s i t u a t i o n i n a 
s i m i l a r manner. Some m u l t i - s h i p e n c o u n t e r s 
c o u l d y i e l d t o t h i s s t r a t e g y ; however, t h e r e i s 
t h e p o s s i b i l i t y t h a t a v o i d a n c e o f H a z a r d 1 
c o u l d r e s u l t i n a n i n c r e a s e i n r i s k from H a z a r d 
2, n e c e s s i t a t i n g e v e n g r e a t e r o r more u r g e n t 
m a n o e u v r i n g | 2 ] . T h e r e i s e v e n t h e p o s s i b i l i t y 
o f ' o s c i l l a t i o n ' , w i t h e a c h o f t h e two h a z a r d s 
a l t e r n a t e l y b e c o m i n g t h e more t h r e a t e n i n g . F u l l 
r e s o l u t i o n o f t h e m u l t i - s h i p e n c o u n t e r p r o b l e m 
must t a k e a c c o u n t o f t h e t o t a l s i t u a t i o n - a s a 
c o m p e t e n t m a s t e r m a r i n e r w o u l d . One s t r a t e g y , 
f o r e x a m p l e , o b s e r v e d a s common p r a c t i c e by 
m a s t e r s o f c r o s s - c h a n n e l f e r r i e s . i s an e a r l y 
c o u r s e c h a n g e t o a v o i d a g r o u p o f v e s s e l s 
p r e s e n t i n g a p o t e n t i a l h a z a r d w e l l a h e a d - s e e 
f i g u r e 1. I n g e n e r a l , a s i m p l e m a n o e u v r e a t an 
e a r l y s t a g e i s much p r e f e r r e d t o a c o m p l e x 
' s l a l o m ' c o u r s e a t t h e l a t e s t p o s s i b l e moment. 
S u c h c o n s i d e r a t i o n s must n a t u r a l l y be b a l a n c e d 
a g a i n s t d e f l e c t i o n from p l a n n e d c o u r s e , w i t h 
c o n s e q u e n t l o s s o f t i m e and u s e o f e x t r a f u e l . 
2 9 4 
( c ) 
( b ) \ 
i 
R u r e 1 
I t i - s h i p e n c o u n t e r . 
| r c c p o s s i b l e c o u r s e s f o r o w n s h l p Co a v o i d 
a p p r o a c h i n g g r o u p of h a z a r d v e s s e l s : 
s h ows a v o i d a n c e of e a c h s h i p i n t u r n ; 
d e l a y s a l t e r - b a c k so a s t o a v o i d t h e g r o u p 
i s an e a r l y c o u r s e c h a n g e t o p a s s a h e a d , 
m i n i n i i s i n g t r a c k d i v e r g e n c e . 
PRELIMINARY MAfJOEUVRES 
r a p i d a d v a n c e o f m i c r o c o m p u t e r h a r d w a r e 
i c h n o l o g y i n r e c e n t y e a r s h a s b e e n p a r a l l e l e d 
m a j o r d e v e l o p m e n t s i n t h e f i e l d o f s o f t w a r e 
j o l s and e n v i r o n m e n t s . L e s s c o n s p i c u o u s , b u t 
fcually s i g n i f i c a n t , has been t h e p r o g r e s s on a 
'de r a n g e o f e l e c t r o n i c s e n s o r s a n d a c t u a t o r s ; 
>th i n t e r m s o f v e r s a t i l i t y and a c c u r a c y , and 
i s e o f h a r d w a r e and s o f t w a r e l i n k i n g t o a 
i n v c n t i o n a l m i c r o c o m p u t e r s y s t e m , s u c h c o n t r o l 
t v i c e s now form an i n t e g r a l p a r t o f t h e t o t a l 
m p u t e r a p p l i c a t i o n s t o o l k i t . T h e i n t e l l i g e n t , 
e r - f r i e n d l y , r e a l - t i m e a d v i s o r y / c o n t r o l 
'Stem i s an i d e a whose t i m e h a s come. 
e s t a b l i s h e d c r i t e r i a f o r c o n v e n t i o n a l 
inagcment i n f o r m a t i o n s y s t e m s a r e : 
t h e s y s t e m s h o u l d be c a p a b l e o f m e e t i n g 
u s e r s on t h e i r own g r o u n d ; s u c h u s e r s a r e 
u n l i k e l y t o be c omputer s p e c i a l i s t s , a n d 
s h o u l d not be e x p e c t e d t o l e a r n c o m p l e x 
new c o m p u t e r - o r i e n t e d s k i l l s s i m p l y i n 
o r d e r t o make u s e o f t h i s f a c i l i t y ; 
an i n f o r m a t i o n s y s t e m w o r t h y o f t h e name 
s h o u l d i n f o r m - s u c c i n c t l y , upon r e q u e s t 
( b u t w i t h c a p a b i l i t y f o r d r a w i n g t h e 
u s e r ' s n o t i c e t o i t e m s i n u r g e n t n e e d o f 
a t t e n t i o n ) , h i g h l i g h t i n g p e r t i n e n t d a t a 
r a t h e r t h a n o v e r w h e l m i n g t h e u s e r w i t h an 
a v a l a n c h e o f f a c t s w h i c h may o r may n o t be 
r e l e v a n t . 
fcch c r i t e r i a must s u r e l y demand f a r g r e a t e r 
p h a s i s i n a r e a l - t i m e management a d v i s o r y 
s t e m : t i m e - c r i t i c a l d e c i s i o n s s h o u l d n o t be 
n d e r e d by u n f a m i l i a r p r o c e d u r e s o r i r r e l e v a n t 
d e t a i l . O f t h e numerous d i s a s t e r s a t t r i b u t e d t o 
human e r r o r , two m a j o r c o n t r i b u t o r y f a c t o r s 
h a v e f r e q u e n t l y been ( a ) l a c k o f f a m i l i a r i t y 
w i t h o p e r a t i n g p r a c t i c e , and (b) i n a b i l i t y t o 
e x t r a c t and c o l l a t e t h e r e l e v a n t m a t e r i a l f r om 
t h e mass o f d a t a a v a i l a b l e , t h e n f o r m u l a t e a n d 
i m p l e m e n t an a p p r o p r i a t e s t r a t e g y , i n t h e 
l i m i t e d t i m e a v a i l a b l e . An e x p e r t s y s t e m 
s h o u l d e m u l a t e i t s human c o u n t e r p a r t , whose 
e x p e r t i s e l i e s i n an a b i l i t y t o p i n p o i n t t h e 
s i g n i f i c a n t , d i s c a r d t h e i r r e l e v a n t , and 
p r e s e n t w e l l - r e a s o n e d c o n c l u s i o n s i n a form, 
and on a t i m e - s c a l e , w h i c h e n a b l e s p rompt 
i m p l e m e n t a t i o n o f t h o s e c o n c l u s i o n s by o n e 
r e l y i n g on t h a t e x p e r t i s e . 
Nowhere i s t h i s more so t h a n i n t h e m a r i t i m e 
s e t t i n g . T h e m a s t e r o f a modern s h i p h a s a c c e s s 
t o a w i d e v a r i e t y o f i n f o r m a t i o n : v i a b r i d g e -
mounted e l e c t r o n i c i n s t r u m e n t s (some o f them 
r e p e a t e r s f r o m o t h e r p a r t s o f t h e s h i p ) ; v i a 
h i s own s e n s e s ; and r e l a y e d from o t h e r s o u r c e s , 
n e a r a n d f a r . Not a l l o f t h i s i n f o r m a t i o n i s o f 
m a j o r s i g n i f i c a n c e : he may be i n r a d i o c o n t a c t 
w i t h h i s s h o r e b a s e , h u n d r e d s o f m i l e s away, 
b u t n o t w i t h t h e m a s t e r o f a v e s s e l a m i l e away 
w h i c h c o u l d c o n s t i t u t e a v e r y i m m e d i a t e t h r e a t 
o f p o s s i b l e c o l l i s i o n . E v e n v i s u a l i n f o r m a t i o n , 
r e l i e d upon s o h e a v i l y a t s e a , a s e l s e w h e r e , 
may g i v e a f a l s e i m p r e s s i o n : m i s i n t e r p r e t a t i o n 
o f o b s e r v a t i o n s o f n a v i g a t i o n a l l i g h t s h a s b e e n 
c i t e d a t many a B o a r d o f T r a d e i n q u i r y a s t h e 
r o o t c a u s e o f m i s j u d g e d a c t i o n s . C o n d i t i o n s o f 
p o o r v i s i b i l i t y o b v i o u s l y compound s u c h e r r o r s , 
and t h e r a r e b o n u s o f r a d i o c o n t a c t b e t w e e n 
v e s s e l s c a n p l a y one f a l s e ; Che r e a s s u r i n g 
v o i c e a s s u m e d t o emanate from a s h i p h a l f a 
m i l e t h r o u g h t h e fog h a s on more t h a n one 
t r a g i c o c c a s i o n t u r n e d o u t ( a f t e r t h e e v e n t ) t o 
r e p r e s e n t a n o t h e r v e s s e l s e v e r a l m i l e s d i s t a n t . 
I n b r i e f , t h e r e i s ample s c o p e f o r ' i n f o r m a t i o n 
o v e r l o a d ' , w h e r e l e s s r e l e v a n t ( o r e v e n m i s -
l e a d i n g ) d a t a d i s t r a c t s a t t e n t i o n f r om v i t a l 
s i g n s w a r n i n g o f i m p e n d i n g d a n g e r , a n d c r u c i a l 
t o a v o i d a n c e o f t h a t d a n g e r . S m a l l wonder t h a t 
s h i p p i n g t r a g e d i e s ( g e n e r a l l y t a g g e d 'human 
e r r o r ' ) c o n t i n u e t o r e g u l a r l y c l a i m human l i v e s 
and w r e a k e c o l o g i c a l mayhem - q u i t e a p a r t f r om 
t h e v a l u a b l e c r a f t and c a r g o t o n n a g e l o s t on an 
a l m o s t w e e k l y b a s i s . P e r h a p s i t i s w o r t h a d d i n g 
t h a t some o f t h e s e i n c i d e n t s h a v e o c c u r r e d i n 
c i r c u m s t a n c e s w h e r e p r e s s u r e s w e r e a n y t h i n g b u t 
e x t r e m e , w h e r e d i s a s t e r seemed s o u n t h i n k a b l e 
t h a t i t w a s n ' t e v e n c o n s i d e r e d - u n t i l f a r t o o 
l a t e ; h e r e , t o o . a d i s p a s s i o n a t e e l e c t r o n i c 
s e n t i n e l c o u l d r e d r e s s t h e b a l a n c e , p r e - e m p t i n g 
r e g r e t f u l h i n d s i g h t w i t h p r e v e n t i v e f o r e s i g h t . 
An i n t e g r a t e d b r i d g e - b a s e d v e s s e l management 
s y s t e m w o u l d be r e s p o n s i b l e f o r r e c e i v i n g a l l 
e l e c t r o n i c a l l y - s e n s e d d a t a , s u c h a s i n p u t s from 
n a v i g a t i o n a l and r a d a r s y s t e m s , a n d a d v i s i n g on 
v a r i o u s s h i p management f u n c t i o n s on t h e b a s i s 
o f t h a t d a t a . E s s e n t i a l d a t a n o t a v a i l a b l e v i a 
o n - b o a r d s e n s o r s c o u l d be i n p u t t h r o u g h t h e 
k e y b o a r d o r o t h e r s u i t a b l e m a nual i n p u t d e v i c e . 
O u t p u t may be d i s p l a y e d on a s i n g l e s c r e e n , 
u s i n g a m u l t i p l e w i n d o w i n g e n v i r o n m e n t , o r a 
n e t w o r k o f t e r m i n a l s , some p o s s i b l y i n o t h e r 
p a r t s o f t h e s h i p ( e g . t h e e n g i n e r o o m ) ; 
s p e c i a l i s t d i s p l a y u n i t s may a l s o be r e q u i r e d . 
I t i s a n t i c i p a t e d t h a t a WIMPS ( W i n d o w s - I c o n s -
M o u s e - P o i n t e r S y s t e m ) ' d e s k t o p ' e n v i r o n m e n t 
w o u l d p r o v i d e a s u i t a b l e u s e r i n t e r f a c e . Pop-up 
o r drop-down menus would p r o v i d e e a s y a c c e s s t o 
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s y s t e m f a c i l i t i e s a s r e q u i r e d , a n d a d j u s t a b l e 
t e x t and g r a p h i c s windows c o u l d s e l e c t i v e l y 
d i s p l a y i n f o r m a t i o n r e l e v a n t t o t h e t a s k s i n 
hand; a m u l t i - t a s k i n g o p e r a t i n g s y s t e m w o u l d 
o v e r s e e c o n c u r r e n t p r o c e s s i n g o f s u c h t a s k s . 
U l t i m a t e l y , a d i s t r i b u t e d WIMPS e n v i r o n m e n t , 
suc h a s X-Window ( ( c ) M . I . T . ) , m i g h t g i v e r e m o t e 
a c c e s s t o some o f t h e s e management f u n c t i o n s , 
i n a d d i t i o n t o o t h e r f a c i l i t i e s . 
3. UNDER WAY 
I n t e l l i g e n t c o l l i s i o n a v o i d a n c e d e c i s i o n -
making, w h e t h e r by e l e c t r o n i c o r human a g e n c y , 
p r e s u p p o s e s c o m p r e h e n s i v e k n o w l e d g e o f c e r t a i n 
f i x e d , o r r e l a t i v e l y i n v a r i a n t , c h a r a c t e r i s t i c s 
o f t h e v e s s e l b e i n g d i r e c t e d ( * o w n - s h i p ' ) : 
e n g i n e p e r f o r m a n c e , r u d d e r r e s p o n s e , o v e r a l l 
l e n g t h , beam and d r a u g h t , s t o p p i n g d i s t a n c e a t 
v a r i o u s s p e e d s , e t c - s u c h d a t a may be t e r m e d 
s t a t i c i n f o r m a t i o n . I n a d d i t i o n , t h e c u r r e n t 
s t a t e o f t h e s h i p ' s a f f e c t i v e e n v i r o n m e n t must 
be known - own s p e e d , h e a d i n g , r u d d e r s e t t i n g 
and a s s o c i a t e d s t a t u s i n f o r m a t i o n , p l u s d a t a on 
p r o x i m i t y , v e l o c i t y and n a t u r e ( s u c h a s c a n be 
a s c e r t a i n e d ) o f any p o t e n t i a l h a z a r d s i n t h e 
v i c i n i t y ; t h i s c o n t i n u a l l y v a r i a b l e , o r d y n a m i c 
i n f o r m a t i o n , may be c o l l e c t e d v i a s e n s o r s , 
r a d a r and r e l a t e d e l e c t r o n i c i n s t r u m e n t a t i o n . 
The d e c i s i o n p r o c e s s i n v o l v e s s u b m i t t i n g t h i s 
compound o f s t a t i c and d y n a m i c i n f o r m a t i o n f o r 
e v a l u a t i o n by a s y s t e m o f r u l e s , w h i c h s h o u l d 
i d e n t i f y a nd r e s o l v e any p o t e n t i a l c o n f l i c t 
s i t u a t i o n s . T h i s p r o c e s s must be c o m p l e t e d 
w i t h i n a v e r y l i m i t e d t i m e - f r a m e , s i n c e : 
(a) a new s c e n a r i o w i l l p r e s e n t i t s e l f f o r 
e v a l u a t i o n a l m o s t i m m e d i a t e l y ( i n p r a c t i c e 
r e - e v a l u a t i o n two o r t h r e e t i m e s p e r 
minu t e i s a d e q u a t e f o r s u c h a p u r p o s e ) ; 
(b) t o be e f f e c t i v e , a d e c i s i o n must be b a s e d 
on c u r r e n t d a t a , a s o t h e r w i s e i t w o r k s 
from a s i t u a t i o n w h i c h no l o n g e r e x i s t s ; 
( c ) a s o l u t i o n t o an i m p e n d i n g d i s a s t e r , 
u n l e s s o f f e r e d a l m o s t i m m e d i a t e l y , i s no 
s o l u t i o n a t a l l , m e r e l y a p o s t - m o r t e m l 
An i n i t i a l framework f o r t h e r u l e b a s e a l r e a d y 
e x i s t s , i n t h e I n t e r n a t i o n a l R e g u l a t i o n s f o r 
P r e v e n t i n g C o l l i s i o n s ^ a t S e a [ 3 } . By them-
s e l v e s , however, t h e r e g u l a t i o n s a r e i n a d e q u a t e 
f o r s u c h a t a s k , s i n c e t h e y l e a v e t h e onus f o r 
c e r t a i n m a j o r d e c i s i o n s w i t h t h e m a r i n e r . 
Such p h r a s e s a s ' i n good t i m e " , 'a c l e a r 
t u r n ' , and 'a s a f e d i s t a n c e * a r e open t o a 
wide v a r i e t y o f i n d i v i d u a l i n t e r p r e t a t i o n s 
w h i c h may t h e m s e l v e s v a r y w i t h d i f f e r e n t 
c o n t e x t s ; s e a s t a t e , n a t u r e o f v e s s e l a nd 
c a r g o , p o s s i b l e r e s t r i c t i o n s ( s u c h a s c o a s t a l 
f e a t u r e s o r s h i p p i n g l a n e s ) , t r a f f i c d e n s i t y -
a l l a f f e c t d e c i s i o n s on c o l l i s i o n a v o i d a n c e 
m a noeuvres. As w i t h any c o m p e t e n t human a g e n t , 
t h e r e f o r e , an e l e c t r o n i c a d v i s o r w o u l d h a v e t o 
be c o n v e r s a n t w i t h t h a t b r o a d e r s p e c t r u m o f 
' r u l e s ' ( i . e . s i t u a t i o n a l r e s p o n s e s ) w h i c h 
d e r i v e from a p p l i e d common-sense and y e a r s o f 
e x p e r i e n c e ; s u c h e x p e r i e n c e , g l e a n e d from human 
e x p e r t s , must be f o r m a l i s e d i n t o a n i n f e r e n c e 
s t r u c t u r e w h i c h g i v e s s u b s t a n c e t o t h e b a r e 
bones o f t h e o f f i c i a l r e g u l a t i o n s . To be f u l l y 
e f f e c t i v e , t h e s y s t e m s h o u l d be u n o b t r u s i v e , 
p r o v i d i n g i n f o r m a t i o n o n l y a s r e q u e s t e d , i n a 
m e a n i n g f u l way - but w i t h t h e c a p a b i l i t y f o r 
d r a w i n g a t t e n t i o n t o m a t t e r s i n nee d o f 
immed i a t e a c t i o n . 
C l e a r l y , an e l e c t r o n i c p e r c e p t i o n o f t h e 
e n v i r o n m e n t w i l l d i f f e r i n c e r t a i n r e s p e c t s 
from t h a t a r r i v e d a t t h r o u g h human s e n s e s , and 
e l e c t r o n i c a p p r a i s a l o f a g i v e n s c e n a r i o may 
n e c e s s a r i l y t a k e a d i f f e r e n t p a t h f r om a human 
l i n e o f t h o u g h t . F o r example, a human o b s e r v e r 
may s p o t a l m o s t i m m e d i a t e l y t h a t a n o t h e r s h i p 
i s t u r n i n g , by i t s c hange i n v i s u a l a s p e c t ; a 
c o m p u t e r w o u l d n e e d s e v e r a l s u c c e s s i v e ARPA 
r e a d i n g s b e f o r e r e a c h i n g t h e same c o n c l u s i o n . 
C o n v e r s e l y , t h e human l o o k o u t w o u l d n e e d t o 
o b s e r v e a n o t h e r v e s s e l f o r some t i m e b e f o r e 
d e d u c i n g t h a t i t was on a c o n s t a n t b e a r i n g , a nd 
t h u s on a c o l l i s i o n c o u r s e - a f a c t w h i c h would 
be i m m e d i a t e l y a p p a r e n t t o t h e c o m p u t e r , g i v i n g 
e v e n t i m e and p o s i t i o n o f e x p e c t e d c o l l i s i o n by 
e x t r a p o l a t i o n from v e l o c i t y a nd d i s p l a c e m e n t 
v e c t o r s . I t f o l l o w s t h a t t h e r e q u i r e m e n t i s 
f o r a s y s t e m w h i c h , i n u s i n g i t s p r o c e s s i n g 
c a p a b i l i t i e s t o t h e optimum, p a r a l l e l s human 
r e a s o n i n g , w i t h o u t n e c e s s a r i l y d u p l i c a t i n g i t 
i n e v e r y d e t a i l . The f i n a l o u tcome s h o u l d 
n e v e r t h e l e s s c o r r e s p o n d t o t h e human e x p e r t ' s 
d e c i s i o n p r o c e s s , c o m b i n i n g o b s e r v e d good 
p r a c t i c e w i t h s e l f - e v i d e n t corcnionsense. 
4 . INTO ACTION 
A c u s t o m i s e d e x p e r t s y s t e m s h e l l h a s been 
d e v e l o p e d i n i t i a l l y on an A t a r i m i c r o c o m p u t e r , 
and r e c e n t l y t r a n s f e r r e d t o an A c o r n A r c h i m e d e s 
R I S C ( R e d u c e d I n s t r u c t i o n S e t C o m p u t e r ) s y s t e m . 
A f t e r e x t e n s i v e c o n s i d e r a t i o n o f s u i t a b l e 
p r o g r a m m i n g l a n g u a g e s f o r s u c h a t a s k , t h e ' C 
l a n g u a g e was c h o s e n f o r a number o f r e a s o n s : 
(1) t h e c o n s t r a i n t s o f r e a l - t i m e p r o c e s s i n g 
d i c t a t e t h e need f o r optimum e f f i c i e n c y , 
i n t e r m s o f speed, c o m p a t i b l e w i t h t h e 
c o m p l e x i t i e s o f program s t r u c t u r e r e q u i r e d 
f o r s u c h a r u l e - b a s e d s y s t e m ; 
(2) many o f t h e r u l e s a r e e x p r e s s e d i n t e r m s 
o f t r i g o n o m e t r i c a l c o n s i d e r a t i o n s , g i v i n g 
a s u b s t a n t i a l b i a s t o w a r d s m a t h e m a t i c a l 
c a l c u l a t i o n , a nd t h u s f a v o u r i n g a l a n g u a g e 
w h i c h d e a l s e f f i c i e n t l y w i t h s u c h n e e d s ; 
(3) C i s t h e n a t i v e l a n g u a g e o f most wiMPS 
e n v i r o n m e n t s , g i v i n g a c c e s s t o f a c i l i t i e s 
a t a l l l e v e l s ; 
(4) e n t i t i e s o f v a r i o u s t y p e s - r u l e s , s h i p s , 
e n c o u n t e r s ( n o t t o m e n t i o n windows, i c o n s 
e t c . w i t h i n t h e WIKP s y s t e m ) - may a l l be 
h a n d l e d v e r y e f f e c t i v e l y a s ' s t r u c t u r e s " 
i n C; t h i s v e r s a t i l e C d a t a t y p e m e e t s 
a l l p e r c e i v e d n e e ds ( p a r t i c u l a r l y u n d e r 
t h e n e w l y - d e f i n e d ANSI s t a n d a r d ) w i t h o u t 
t h e a p p a r e n t o v e r h e a d s o f o b j e c t - o r i e n t e d 
o r d e c l a r a t i v e l a n g u a g e s . 
B o t h c o m p u t e r s were c h o s e n on t h e b a s i s o f 
p r o c e s s i n g power a t r e l a t i v e l y low c o s t , good 
WIMPS and g r a p h i c s f a c i l i t i e s , and c a p a b i l i t y 
f o r a v a r i e t y o f i n p u t / o u t p u t o p t i o n s , b o t n 
d i g i t a l a nd a n a l o g . A d e c i s i o n t o t r a n s f e r t o 
t h e A c o r n R I S C m a c h i n e was b a s e d on t h e need 
f o r c o m p a t i b i l i t y w i t h o t h e r s h i p management 
f u n c t i o n s c u r r e n t l y u n d e r d e v e l o p m e n t by t h e 
S h i p C o n t r o l G r o u p a t PlymouLh, a s w e l l a s i t s 
s u p e r i o r i t y on a number of f r o n t s . The R I S C OS 
m u l t i t a s k i n g e n v i r o n m e n t , c o u p l e d t o v e r s a t i l e 
1/0 h a n d l i n g , a r e w e l l s u i t e d t o t h e p l a n n e d 
i n t e g r a t e d s y s t e m . 
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M u l t i p l e - v i n t l o w s c r e e n d i s p l a y 
s h o w i n g s c r o l l b a r s and window 
c o n L t o l i c o n s . Boccom ' s i t u a L i o n ' 
window niny o p t i o n a l l y be h i d d e n ; 
' r e v i e w ' window may be e x t e n d e d 
o r s c r o l l e d co g i v e more d e t a i l e d 
i n f o r m a t i o n ; ' t r a c k s * window may 
g i v e ( s c r o l l a b l e ) l a r g e s c a l e 
v i e w , or c o m p l e t e s m a l l s c a l e 
v i e w of c u r r e n t s i t u a t i o n . 
The s c r e e n d i s p l a y i s i n t h e form o f t h r e e 
windows, a s shown i n f i g u r e 2. A s q u a r e 
g r a p h i c s window, f i l l i n g a p p r o x i m a t e l y h a l f o f 
t h e s c r e e n a r e a , d i s p l a y s t h e t r a c k s and 
p o s i t i o n s o f o n e ' s own v e s s e l ( o w n - s h i p ) and 
any o t h e r v e s s e l s i n t h e v i c i n i t y , w i t h m a r k e r s 
t o show p o s i t i o n s a t c o r r e s p o n d i n g t i m e s ; own-
s h i p i s shown a s a g r e e n t r a c k , o t h e r s i n 
v a r i o u s c o l o u r s - a t t h e c u r r e n t s t a g e o f 
d e v e l o p m e n t , o n l y one o t h e r v e s s e l ( t h e most 
t h r e a t e n i n g ) w i l l be ' p r o c e s s e d * by t h e r u l e 
s t r u c t u r e a s a p o t e n t i a l h a z a r d ; t h e g r a p h i c s 
window d i s p l a y may b e e n l a r g e d by r e f e r e n c e t o 
a pop-up menu ( i n v o k e d and a c t i o n e d by mouse 
b u t t o n s ) , a n d any p a r t o f t h e s c e n e s t u d i e d i n 
d e t a i l by s c r o l l i n g t h e window h o r i z o n t a l l y o r 
v e r t i c a l l y . A s e c o n d window o p t i o n a l l y d i s p l a y s 
a r e v i e w o f t h e p r o g r e s s o f t h e s i t u a t i o n t o 
d a t e , i n c l u d i n g t h e d e c i s i o n s made by t h e 
e x p e r t s y s t e m a t v a r i o u s s t a g e s ; t h i s window 
may a l s o be s c r o l l e d , o r e x p a n d e d o v e r t h e 
g r a p h i c s window t e m p o r a r i l y , t o show f u r t h e r 
d e t a i l o f t h e s t a g e s o f an e n c o u n t e r . A t h i r d 
window nay be s e l e c t e d and d e - = e l e c t e d a s 
r e q u i r e d , a g a i n by a m o u s e - o p e r a t e d pop-up 
menu; t h i s window, a p p e a r i n g b e l o w t h e o t h e r 
two, d i s p l a y s d a t a on t h e c o u r s e , s p e e d and 
c u r r e n t m a n o e u v r e i n g ( i f any) o f o w n - s h i p , p l u s 
s u c h d a t a a s i s a v a i l a b l e ( v i a r a d a r , e t c ) on 
any o t h e r v e s s e l i n t h e v i c i n i t y c o n s i d e r e d t o 
be a h a z a r d - f u t u r e d e v e l o p m e n t s w i l l a l l o w 
s e l e c t i o n from t h e g r a p h i c s window o f w h i c h 
p o t e n t i a l h a z a r d i s t o be 'shadowed' by t h i s 
window a t any t i m e . 
E a r l y d e v e l o p m e n t c o m p r i s e d t h e e x p e r t s y s t e m 
l o g i c , p l u s s h i p s i m u l a t o r m o d u l e s f o r o w n - s h i p 
and a h a z a r d v e s s e l , a l l h o u s e d i n one 
c o m p u t e r ; a l a t e r v e r s i o n made u s e o f t h r e e 
m i c r o c o m p u t e r s , one e a c h f o r e x p e r t s y s t e m , 
o w n - s h i p s i m u l a t o r , and h a z a r d s h i p s i m u l a t o r . 
H a v i n g t h u s v e r i f i e d t h e i n t e g r i t y o f t h e 
e x p e r t s y s t e m , t h e c u r r e n t i m p l e m e n t a t i o n i s 
d e s i g n e d t o o p e r a t e i n any o f t h r e e modes, two 
b e i n g s i m u l a t o r t r i a l s , t h e t h i r d r e a l d a t a : 
(1) a s e m i - i n t e l l i g e n t h a z a r d v e s s e l , u s i n g a 
s i m p l i f i e d e x p e r t s y s t e m f o r c o n t r o l , and 
a dumb o w n - s h i p c o n t r o l l e d by t h e c u r r e n t 
s y s t e m , a r e b o t h s i m u l a t e d a s a d d i t i o n a l 
t a s k s u n d e r t h e m u l t i t a s k i n g R I S C _ O S , on 
t h e same computer a s t h e e x p e r t s y s t e m ; 
s o f t w a r e c o m m u n i c a t i o n c h a n n e l s b e t w e e n 
t h e t a s k s s i m u l a t e r a d a r d a t a t o a n d from 
h a z a r d v e s s e l , and s e n s o r / c o n t r o l s i g n a l s 
b e t w e e n o w n - s h i p and e x p e r t s y s t e m ; 
(2) h a z a r d a n d o w n - s h i p a r e s i m u l a t e d a s 
a b o v e , b u t i n s e p a r a t e c o m p u t e r s from t h e 
e x p e r t s y s t e m ; c o m m u n i c a t i o n s a r e v i a 
s e r i a l a n d p a r a l l e l l i n k s r e s p e c t i v e l y ; 
(3) i n p u t s v i a s e r i a l and p a r a l l e l p o r t s , a s 
i n ( 2 ) , a r e from g e n u i n e r a d a r a n d s e n s o r s 
a b o a r d o w n - s h i p , i . e . a r e s e a r c h v e s s e l 
w i t h t h e computer s y s t e m on b o a r d ; s u c h 
i n p u t d a t a h a s a s y e t b e e n u s e d o n l y t o 
t e s t t h e e f f i c a c y o f t h i s form o f i n p u t , 
and o b s e r v e t h e r e s p o n s e o f t h e s y s t e m ; 
however, i t i s e n v i s a g e d t h a t t h e c o n t r o l 
o u t p u t s from t h e s y s t e m w i l l i n duo c o u r s e 
be c o n n e c t e d t o t h e a u t o m a t i c c o n t i o l s 
a l r e a d y f i t t e d t o t h e v e s s e l { p r e v i o u s l y 
u s e d w i t h marked s u c c e s s i n c o m p u t e r i s e d 




S i m u l a t i o n o f o w n - s h i p and h a z a r d f o r ( I ) 
(2) a r e b a s e d on t h e l i n e a r s h i p model { 5 ) . 
more a c c u r a t e model o f o w n - s h i p i s r e q u i r e d 
t h e d e c i s i o n l o g i c o f t h e e x p e r t s y s t e m i t s e l f 
f o r r e f e r e n c e i n t h e l o o k - a h e a d m o d u l e o u t l i n e d 
i n s e c t i o n 5. The n o n - l i n e a r m o d u l a r model 
d e r i v e d by T a p p ( 6 ) i s u s e d f o r t h i s p u r p o s e . 
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5. RULES OF ENGAGEMENT 
W h i l s t t h e p r i m e o b j e c t i v e o f any c o l l i s i o n 
a v o i d a n c e p r o t o c o l i s t o a v o i d c o l l i s i o n s , 
t h i s must be done i n s u c h a way a s t o s a t i s f y 
an i m p o r t a n t s e c o n d a r y o b j e c t i v e ; t o i n f o r m 
o t h e r m a r i n e r s , t h r o u g h p o s i t i v e a c t i o n , t h a t 
t h e p o s s i b i l i t y o f s u c h an i n c i d e n t h a s b e e n 
r e c o g n i s e d and i s b e i n g d e a l t w i t h . B o t h o f 
t h e s e a i m s a r e s e r v e d by m a n o e u v r e s w h i c h s e e k 
t o m a i n t a i n a zone o f c l e a r w a t e r a r o u n d o n e ' s 
v e s s e l , g e n e r a l l y r e f e r r e d t o a s t h e domain. 
T h i s o b s e r v e d p r a c t i c e o f e x p e r i e n c e d m a r i n e r s 
[t] h a s b e e n t a k e n a s t h e p r i m e o b j e c t i v e o f 
t h e e x p e r t s y s t e m ; a c i r c l e , o f r a d i u s s u i t e d 
t o t h e v e s s e l and c i r c u m s t a n c e s , c e n t r e d on 
ownsh i p , h a s p r o v e d an a d e q u a t e r e p r e s e n t a t i o n 
o f t h e domain t o d a t e . 
Such c o n s i d e r a t i o n s g i v e r i s e t o a b r o a d e r a r e a 
o f c o n c e r n , e n c o m p a s s i n g t h o s e v e s s e l s o r o t h e r 
h a z a r d s w h i c h a r e t o be a s s e s s e d a s p o t e n t i a l l y 
t h r e a t e n i n g , l e a d i n g t o a p p r o p r i a t e a c t i o n a s 
n e c e s s a r y . T h i s ' a r e a ' , b e i n g r u l e d by c l o s i n g 
s p e e d o f o w n s h i p r e l a t i v e t o any g i v e n h a z a r d , 
i s somewhat e l a s t i c i n i t s p h y s i c a l d i m e n s i o n s ; 
t h e c r u c i a l c o n s i d e r a t i o n i s e x p e c t e d t i m e t o 
domain i n f r i n g e m e n t , o r RDRR ( R a n g e - t o - O o m a i n / 
R a n g e - R a t e ) . A s h i p ' s m a s t e r a p p l y i n g a 12-
m i n u t e RDRR c r i t e r i o n , f o r e x a m p l e , ( b a s e d on 
h a n d l i n g c h a r a c t e r i s t i c s f o r h i s v e s s e l ) w o u l d 
e v a l u a t e a p o t e n t i a l e n c o u n t e r 12 m i n u t e s p r i o r 
t o domain i n f r i n g e m e n t , and i n i t i a t e a v o i d a n c e 
a c t i o n a t t h a t t i m e . 
A f i x e d RDRR f o r e v e r y e n c o u n t e r h a s b e e n found 
t o be i n a p p r o p r i a t e a s a g e n e r a l s t r a t e g y ; some 
manoeuvres may be l e f t t o o l a t e t o c l e a r a 
h a z a r d , o t h e r s may make an e x c e s s i v e d e t o u r 
t h r o u g h a l t e r i n g c o u r s e u n d u l y e a r l y . F i g u r e 3 
i l l u s t r a t e s t h e p o i n t ; i n b o t h c a s e s , t h e 
r e l a t i v e v e l o c i t y o f o w n s h i p i s a t 90 d e g r e e s 
t o t h e t r a c k o f t h e h a z a r d v e s s e l ; i n b o t h 
c a s e s t h e r e q u i r e d a v o i d a n c e m a n o e u v r e i s 
i d e n t i c a l ; however, i n c a s e ( b ) , t h i s manoeuvre 
must commence a p p r o x i m a t e l y t w i c e a s l o n g 
b e f o r e a n t i c i p a t e d domain i n f r i n g e m e n t a s i n 
c a s e ( a ) - i . e . t h e i d e a l RDRR f o r c a s e (b) i s 
d o u b l e t h a t f o r c a s e ( a ) . P a r a d o x i c a l l y , t h e 
p a s s i n g d i s t a n c e w i t h o u t a n y c o u r s e c h a n g e 
I 
w o u l d be c o n s i d e r a b l y s m a l l e r ( 0 . 2 n.m.) f o r 
( a ) t h a n f o r (b) ( 0 . 6 n.m.); a n t i c i p a t e d 
c l o s e s t p o i n t o f a p p r o a c h (CPA) i s c l e a r l y not 
a s i m p l e g u i d e t o r e q u i r e d m a n o e u v r i n g t i m e . 
A f l e x i b l e t i m e - c o n s t r a i n t , t a a t c h i n g d e c i s i o n 
t i m e t o i n t e r v a l n e e d e d f o r a s a f e manoeuvre, 
e n s u r e s optimum m a n o e u v r i n g t i m e : a d e q u a t e , b u t 
n o t e x c e s s i v e . P r e d e t e r m i n e d S a f e M a n o e u v r i n g 
T i m e (PSMT) i s found by s i m u l a t i n g a p r o j e c t e d 
e n c o u n t e r w e l l i n a d v a n c e , f o r i n c r e a s i n g RDRR 
v a l u e s ( s t a r t i n g from some p r e s e t minimum, s a y 
10 m i n u t e s ) , u n t i l s a f e c l e a r a n c e i s a c h i e v e d . 
T h e s i m u l a t i o n e x e r c i s e i s an i n t e g r a l e l e m e n t 
o f t h e d e c i s i o n l o g i c , a n d c o r r e s p o n d s t o a 
human a p p r a i s a l o f w h e t h e r o r not a s i t u a t i o n 
r e q u i r e s p a r t i c u l a r l y e a r l y r e m e d i a l a c t i o n . A 
f i x e d minimum RDRR i s u s e d i n p r e f e r e n c e t o a 
f r e e - f l o a t i n g J I T ( J u s t I n T i m e ) s t r a t e g y , i n 
r e c o g n i t i o n o f t h e need t o t a k e a c t i o n i n good 
t i m e , s o a s not t o p a n i c m a s t e r s o f o t h e r s h i p s 
i n t o emergency a c t i o n . 
T h e r u l e s t r u c t u r e i s d e s i g n e d t o : 
( a ) n o t e t h e p r e s e n c e o f a p o t e n t i a l h a z a r d , 
a s s e s s t h e t h r e a t i n t e r m s o f e x p e c t e d 
t i m e t o domain v i o l a t i o n ( i f a p p l i c a b l e ) 
and d e r i v e t h e PSMT f o r a v o i d a n c e a c t i o n ; 
(b) At PSMT: i d e n t i f y t h e t y p e o f e n c o u n t e r , 
f i x t h e s t a t u s o f o w n s h i p and p e r c e i v e d 
s t a t u s o f h a z a r d s h i p ( g i v e - w a y o r s t a n d -
on) a t t h i s t i m e i n t h e e n c o u n t e r ; o n c e 
d e c i d e d , s t a t u s i s m a i n t a i n e d t h r o u g h o u t 
t h e e n c o u n t e r , u n l e s s c i r c u m s t a n c e s c h a n g e 
t h e r e g u l a t i o n s r u l e o u t c h a n g e s 
s t a t u s due s o l e l y t o c h a n g e s 
p o s i t i o n s t h r o u g h a v o i d a n c e m a n o e u v r e s 
1 n 
i n r e l a t i v e 
( c ) N e g o t i a t e t h e s t a g e s o f t h e e n c o u n t e r , w i t h 
a p p r o p r i a t e s a f e t y m a r g i n s -
I t i s a n t i c i p a t e d t h a t ( c ) w i l l be e x t e n d e d t o 
i n c o r p o r a t e t h e p o s s i b l e n e e d f o r a c h a n g e i n 
s t r a t e g y i n r e s p o n s e t o u n t o w a r d a c t i o n by 
o t h e r v e s s e l s , i n c l u d i n g e m e r g e n c y mai:oouvres; 
s u c h a d d i t i o n a l r u l e s may be e d i t e d i n t o t h e 
e x i s t i n g r u l e b a s e , a s d e s c r i b e d b e l o w 
I 
( a ) ( b) 
F i g u r e 3 
Two v e r s i o n s of a 
c r o s s i n g e n c o u n t e r 
A doraaln of 0.8 n.n. i s shown s u r r o u n d i n g t h e h a z a r d v e s s e l i n e a c h c a s e 
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The t h r e e p r i m a r y t y p e s o f e n c o u n t e r a r c : FULL CIRCLE 
(1 ) Head-on 
Two v e s s e l s a r e a p p r o a c h i n g e a c h o t h e r o n 
n e a r - r e c i p r o c a l b e a r i n g s ( w i t h i n +/- 6 
d e g r e e s , i n t h i s s y s t e m ) ; 
( 2 ) C r o s s i n g 
Two v e s s e l s a r e a p p r o a c h i n g e a c h o t h e r a t 
s u c h a n a n g l e t h a t e a c h c a n s e e o n e s i d e 
o f t h e o t h e r ; more s p e c i f i c a l l y , e a c h 
v e s s e l i s i n t h e s e c t o r s u b t e n d e d by t h e 
p o r t o r s t a r b o a r d l i g h t , 1 1 2.5 d e g r e e s 
m e a s u r e d f r o m t h e bow ( f r o n t ) o n e a c h 
s i d e , o f t h e o t h e r ; 
( 3 ) O v e r t a k i n g 
A s h i p i s deemed t o be o v e r t a k i n g i f i t i s 
a p p r o a c h i n g a n o t h e r f r o m w i t h i n t h e s t e r n -
l i g h t s e c t o r ( t h e r e a r 135 d e g r e e a r c ) . 
The r u l e s as i m p l e m e n t e d embody t h e a n t i -
c o l l i s i o n r e g u l a t i o n s , p l u s c l a r i f i c a t i o n o f 
s p e c i f i c p r a c t i c a l d e t a i l as n o t e d b y C o l l e y 
( o p c i t l a n d u s e d t o g o o d e f f e c t i n a n e a r l i e r 
s i m u l a t i o n . The i n f e r e n c e e n g i n e o p e r a t e s on a 
d i s c r e t e t i m e - i n t e r v a l o f 20 s e c o n d s . A t e a c h 
s t e p , t h e i n f e r e n c e e n g i n e w i l l : 
( a ) t a k e d y n a m i c i n f o r m a t i o n v i a c o m m u n i c a t i o n 
c h a n n e l s f r o m r a d a r a n d o w n - s h i p s e n s o r s 
{ o r s i m u l a t o r s ) ; f r o m t h e s e p a r a m e t e r s 
( s p e e d , c o u r s e , p o s i t i o n ) i t w i l l g e n e r a t e 
s e c o n d a r y d a t a : r e l a t i v e b e a r i n g , r e l a t i v e 
v e l o c i t y c o m p o n e n t s , e t c . - f o r u s e i n 
r u l e e v a l u a t i o n ; 
( b ) a p p l y t h e a p p r o p r i a t e r u l e t o t h e s e d a t a , 
t o a s c e r t a i n t h e new s i t u a t i o n ; e a c h r u l e 
i n v o l v e s a t e s t o n t h e s e s y s t e m v a r i a b l e s , 
a n d may e n t a i l e v a l u a t i o n o f f u r t h e r 
f u n c t i o n s o f t h e s e v a r i a b l e s - s u c h 
f u n c t i o n s f o r m p a r t o f t h a t r u l e ; 
( c ) t r i g g e r d i s p l a y a n d c o n t r o l / s i m u l a t o r o u t -
p u t s i n r e s p o n s e t o a n y c h a n g e i n s t a t u s ; 
i n v o k e any new r u l e s i n d i c a t e d b y s u c h a 
c h a n g e , u n t i l a ' d e f e r ' f l a g i s r e a c h e d , 
i n h i b i t i n g a n y f u r t h e r a c t i o n on t h e r u l e 
b a s e u n t i l t h e n e x t t i m e - s t e p . 
The r u l e b a s e i s an h i e r a r c h i c a l s t r u c t u r e , 
b a s e d on a b i n a r y t r e e , b u t w i t h c o n s i d e r a b l y 
m ore f l e x i b i l i t y i n i t s l i n k s t o l e f t a n d r i g h t 
' s u b - t r e e s ' : i n t h i s r u l e s t r u c t u r e , l i n k s may 
l e a d t o any o t h e r node, u p o r down; t w o o r m o r e 
l i n k s may l e a d t o a common n o d e ; a l i n k may 
l o o p b a c k t o a node a t a h i g h e r l e v e l . The r u l e 
b a s e i s a l s o i n e f f e c t a s t a t e t a b l e , e a c h n o d e 
r e p r e s e n t i n g a p o s s i b l e s t a t e o f o w n s h i p : n o 
e n c o u n t e r c u r r e n t l y i n p r o g r e s s , s e c o n d s t a g e 
o f a ' p a r a l l e l - u p ' o v e r t a k i n g e n c o u n t e r , e t c . 
E x t e n s i o n o f t h e r u l e b a s e i s a c h i e v e d b y 
c r e a t i n g t h e r e l e v a n t new n o d e s a n d r e s e t t i n g 
t h e n e c e s s a r y l i n k s t o i n s e r t t h e m a t t h e 
a p p r o p r i a t e p o i n t s i n t h e s t r u c t u r e . I t i s 
e n v i s a g e d t h a t t h i s t a s k w i l l u l t i m a t e l y b e 
s i m p l i f i e d by a s u i t a b l e s o f t w a r e u t i l i t y . 
Each r u l e i n c o r p o r a t e s a B o o l e a n f u n c t i o n , 
u s i n g i n e q u a l i t y t e s t s o n c o m b i n a t i o n s o f 
d i s p l a c e m e n t and v e l o c i t y v e c t o r s . The m a j o r i t y 
o f p r o c e s s i n g i s t h u s c e n t r e d o n e v a l u a t i o n o f 
t r i g o n o m e t r i c a l f u n c t i o n s . T h i s f a c t o r becomes 
i n c r e a s i n g l y d o m i n a n t a s s i t u a t i o n s i n c r e a s e i n 
c o m p l e x i t y - a m a j o r c o n s i d e r a t i o n i n c h o i c e o f 
l a n g u a g e and f o r m o f r u l e s t r u c t u r e f o r a t i m e -
c r i t i c a l s y s t e m . F l o a t i n g - p o i n t h a r d w a r e c a n 
y i e l d s i g n i f i c a n t b e n e f i t i n s u c h a t a s k . 
T h e a u t h o r s h a v e h i g h l i g h t e d t h e n e e d f o r 
r a t i o n a l i s a t i o n o f i n f o r m a t i o n r e a c h i n g t h e 
b r i d g e , p a r t i c u l a r l y as i t r e l a t e s t o t h e t a s k 
o f c o l l i s i o n a v o i d a n c e . T h e y h a v e d e m o n s t r a t e d 
t h e a b i l i t y o f c u r r e n t t e c h n o l o g y t o e l i c i t 
m u ch o f t h i s i n f o r m a t i o n d i r e c t l y , a n d t o 
p r e s e n t i t i n a m a n a g e a b l e f o r m . F u r t h e r , t h e y 
h a v e d e m o n s t r a t e d a p r o c e s s w h e r e b y p r o m p t a n d 
e f f i c i e n t a n a l y s i s o f t h a t i n f o r m a t i o n may 
p r o v i d e t i m e l y a d v i c e t o t h e m a r i n e r on m a t t e r s 
v i t a l t o s h i p s a f e t y . En r o u t e i t i s h o p e d t h a t 
n o n - s e a f a r e r s w i l l h a v e g a i n e d some i n s i g h t 
i n t o t h e u n c e r t a i n t i e s w h i c h c a n p r e c i p i t a t e 
m a r i t i m e d i s a s t e r s , a n d t h a t , s e a f a r e r s w i l l 
p e r c e i v e p o t e n t i a l b e n e f i t s i n t h e s u p p o r t i v e 
r o l e t o b e p l a y e d b y s u c h t e c h n o l o g y . 
M a r i t i m e d i s a s t e r s down t h e a g e s h a v e p r o v i d e d 
m u c h f o o d f o r t h o u g h t on m i s u n d e r s t a n d i n g s a n d 
m i s i n t e r p r e t a t i o n s o f d a t a . V a r i o u s i n g e n i o u s , 
a n d u s u a l l y h i g h l y i m p r a c t i c a l , i d e a s h a ve b e e n 
p u t f o r w a r d a f t e r m o s t m a j o r i n c i d e n t s , a i m e d 
a t r e d u c i n g e i t h e r t h e r i s k o r t h e c o n s e q u e n c e s 
o f s u c h e v e n t s . P e r h a p s t h e l a s t w o r d s h o u J d g o 
t o o n e C.E. K e l w a y , on t h e s i n k i n g o f t h e 
' E mpress o f I r e l a n d ' i n 1914, w i t h t h e g r e a t e s t 
l o s s o f p a s s e n g e r l i v e s i n p e a c e t i m e o f a n y 
l i n e r { 8 ] . H i s p r o p o s e d s y s t e m i n v o l v e d t h e u s e 
o f s t o p w a t c h e s , a m e c h a n i c a l c o m p u t e r on t h e 
b r i d g e f o r s o l v i n g p r o b l e m s i n t r i g o n o m e t r y , 
a n d t h e u s e o f ' H e r t z i a n w a v e s ' ( r a d i o w a v e s ) ; 
t h r e e - q u a r t e r s o f a c e n t u r y d o e s n o t seem an 
u n g e n e r o u s g e s t a t i o n p e r i o d f o r s u c h a l i f e -
s a v i n g c o n c e p t . 
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ABSTRACT 
An e x p e r t a d v i s o r y s y s t e m l a n a t u r a l l y l i m i t e d 
I n t h e q u a l i t y o f a d v i c e w h i c h I t oay o f f e r , 
by b o t h t h e q u a l i t y and c o m p l e t e n e s s o f t h e 
I n f o r o a c i o n p r o v i d e d f o r I t s c o n s i d e r a t i o n . As 
w i t h I t s human c o u n t e r p a r t , s u c h a s y s t e m can 
n o t f u n c t i o n f u l l y e f f e c t i v e l y w i t h p a r t i a l o r 
i n a c c u r a t e d a t a . L i k e w i s e , an o v c r - a l o p 1 1 s t I c 
r u l e b a s e c o u l d l e a d t o e r r o n e o u s c o n c l u s i o n s 
i n c o m p l e x s i t u a t i o n s . I t I s e s s e n t i a l t h a t 
an i n t e l l i g e n t a d v i s o r y s y s t e m s h o u l d c l e a r l y 
I n d i c a t e I t s own l i m i t a t i o n s , and m o d e r a t e i t s 
r e c o m m e n d a t i o n s by a p p r o p r i a t e s a f e t y m a r g i n s . 
Such c a v e a t s a p p l y p a r t i c u l a r l y t o r e a l - t i m e 
s e n s o r - b a s e d s y s t e m s ; most s e n s o r s a r e s u b j e c t 
t o a c e r t a i n l e v e l o f t o l e r a n c e ( e r r o r ) , and 
many s y s t e m s w i t h s e n s o r y i n p u t h a v e ' b l i n d 
s p o t s ' . M o r e o v e r , t h e d e c i s i o n f u n c t i o n o f any 
r e a l - t i m e e x p e r t s y s t e m i s s u b j e c t t o a u n i q u e 
c o n s t r a i n t , t h a t o f t i o e 1 i n c s s : t h e a d v i c e o r 
d e c i s i o n o f s u c h a s y s t e m m u s t be d e l i v e r e d 
w i t h i n a l i m i t e d t i m e - f r a m e ( o f t e n a m a t t e r o f 
s e c o n d s ) i f i t I s t o a f f e c t t h e o u t c o m e o f t h e 
p r o c e s s b e i n g m o n i t o r e d . B o t h t h e s t r u c t u r e o f 
t h e r u l e b a s e , and t h e a c t i o n o f t h e i n f e r e n c e 
e n g i n e i n f i r i n g t h o s e r u l e s , must be t a i l o r e d 
t o meet s u c h d e a d l i n e s . 
The f o r w a r d - p l a n n i n g n a t u r e o f s u c h s y s t e m s 
d i c t a t e s t h a t p r o p o s e d s t r a t e g i e s be e v a l u a t e d 
I n t e r m s o f f u t u r e c o n s e q u e n c e s . The use o f 
s i m u l a t i o n as a p r e d i c t o r m e c h a n i s m w i t h i n an 
e x p e r t s y s t e m i s d e s c r i b e d i n a p r e v i o u s p a p e r 
by t h e a u t h o r s - w h i c h a l s o c o v e r s an e x a m p l e 
o f an i n t e l l i g e n t s i m u l a t i o n e n v i r o n m e n t . I n a 
s i m p l e s i t u a t i o n , w i t h a s m a l l number o f 
c o m p o n e n t e l e m e n t s , t h e l o o k - a h e a d r e q u i r e m e n t 
may n o t pose s e r i o u s p r o b l e m s : h o w e v e r , as 
w i t h a b o a r d game, t h e number o f a l t e r n a t i v e 
s t r a t e g i c s I n c r e a s e s f a c t o r i a l l y i n r e l a t i o n 
t o t h e number o f ' p i e c e s ' . B o t h t h e r u l e b a s e , 
and t h e I n f e r e n c e e n g i n e w h i c h a c t i o n s i t . 
must be so s t r u c t u r e d as t o manage s i t u o t i o n s 
t o t h e r e q u i r e d l e v e l o f c o m p l e x i t y w i t h i n t h e 
t i m e a v a i l a b l e - w i t h o u t l o s s o f d e f i n i t i o n . 
The o p t i m a l s t r a t e g y w i l l be t h e one t h a t 
l e a d s t o t h e ' b e s t ' o u t c o m e , m e a s u r e d a g a i n s t 
a number o f c r i t e r i a , s u i t a b l y w e i g h t e d . 
The a u t h o r s a r e c o n c e r n e d w i t h t h e d e v e l o p m e n t 
o f an o n - b o a r d i n t e l l i g e n t know 1 edge - based 
s y s t e m f o r m a r i n e c o l l i s i o n a v o i d a n c e , l i n k e d 
t o r a d a r and o t h e r s e n s o r y i n p u t s y s t e m s . V o r k 
has p r e v i o u s l y c e n t r e d on t w o - s h i p e n c o u n t e r s 
i n t h e open sea; c u r r e n t d e v e l o p m e n t s c o n c e r n 
e x t e n s i o n o f t h e r u l e base t o h a n d l e m u l t i -
s h i p e n c o u n t e r s . I n t h e f i r s t i n s t o n c e . s u c h 
s c e n a r i o s may be r e s o l v e d t o a s e q u e n c e o f 
t w o - s h i p e n c o u n t e r s , i d e n t i f y i n g w h i c h h a z a r d 
s h i p p o s e s t h e g r e a t e s t t h r e a t a t each s t a g e . 
H o w e v e r , a c t i o n t o a v o i d H a z a r d I , t a k e n i n 
i s o l a t i o n , may l e a d t o an I n c r e a s e d r i s k f r o m 
H a z a r d 2, n e c e s s i t a t i n g e v e n g r e a t e r o r more 
u r g e n t m a n o e u v r i n g . T h e r e i s even p o s s i b i l i t y 
o f ' o s c i l l a t i o n ' , w i t h e a c h o f t h e t w o h a z a r d s 
a l t e r n a t e l y b e c o m i n g n o r o t h r e a t e n i n g . A f u l l 
s o l u t i o n o f t h e m u l t i - s h i p p r o b l e m must t a k e 
a c c o u n t o f t h e t o t a l s i t u a t i o n , as a c o m p e t e n t 
m a s t e r m a r i n e r w o u l d . A s i m p l e m a n o e u v r e a t an 
e a r l y s t a g e i s much p r e f e r r e d t o a c o m p l e x 
' s l a l o m ' c o u r s e o t t h e l a t e s t p o s s i b l e moment. 
Such c o n s i d e r a t i o n s must n a t u r a l l y be b a l a n c e d 
a g a i n s t e x c e s s i v e c o u r s e d e v i a t i o n s . 
S p e c i f i c d e v e l o p m e n t s now i n hand i n c l u d e : 
e x t e n s i o n o f t h e r u l e bose t o i n c o r p o r a t e 
b r a n c h - p o i n t s i n t h e d e c i s i o n s e q u e n c e ; 
a p p l i c a t i o n o f Games T h e o r y t e c h n i q u e s t o 
o p t i m i s e p r o c e s s o f e v a l u a t i o n o f a l t e r n a t i v e 
S t r a t e g i e s : 
i n c l u s i o n i n r u l e base o f e a r l y c o u r s e c h a n g e 
s t r a t e g y , and dynamic c h a n g e o f s t r a t e g y w i t h 
c i r c u o s t a n c e s . 
The s y s t e m uses an A c o r n ' A r c h i m e d e s ' RISC 
m a c h i n e , w i t h s i m u l a t e d s e n s o r y i n p u t s . I t has 
a l s o been t e s t e d on b o a r d a r e s e a r c h v e s s e l , 
w i t h i n p u t s f r o m r a d a r and a s s o c i a t e d m a r i n e 
e l e c t r o n i c e q u i p m e n t . 
1 . INTRODUCTION 
R e c e n t a d v a n c e s i n m l c r o c o a p u t e r t e c h n o l o g y 
o f f e r e x c i t i n g p o s s i b i l i t i e s I n t h e s y n t h e s i s 
o f c o m p u t e r s i m u l a t i o n o f c o m p l e x m e c h a n i c a l 
s y s t e m s w i t h e x p e r t c o n t r o l l e r s y s t e m s based 
on p r o v e n a r t i f i c i a l i n c c l l l g c n c e c o n c e p t s . A 
d e s k t o p c o m p u t e r o f f e r i n g p r o c e s s i n g power 
h i t h e r t o a s s o c i a t e d w i t h m a i n f r a m e s , p r o v i d i n g 
a t r u e • u 1 1 1 -1ask 1ng e n v i r o n o e n t , f r o n t - e n d e d 
by a s o p h i s t i c a t e d WIMPS ( W i n d o w s - I c o n s - M o u s e -
P o l n t e r S y s t e m ) u s e r I n t e r f a c e and a m u l t i -
c o l o u r g r a p h i c s d i s p l a y , f o r m s a 
a c c e s s i b l e e n v i r o n m e n t f o r t h i s 
a p p l i c a t i o n . A v a r i e t y o f s o f t w a r e 
a v a i l a b l e f o r use on such a s y s t e m , 
w i t h a r a n g e of a n a l o g and d i g i t a l 
r e a d i I y -
t y p e o f 
t o o l s a r e 
comb i n1ng 
s e r i a l and 
p a r a l l e l , c o m m u n i c a t i o n p o r t s t o c o v e r a w i d e 
a r r a y o f t a s k s . 
I n t h e m a r i t i m e e n v i r o n m e n t , t h i s s u g g c s t . s t h e 
p r o v i s i o n o f a r e o l - i i m c c o m p u t e r a d v i s o r y 
s y s t e m f o r t h e Q o s i c r o f an o c e a n - g o i n g 
v e s s e l . Such t a s k s as t h e m o n i t o r i n g o f e n g i n e 
and s t e e r i n g g e a r , t r a c k - k e e p i n g ( i n c l u d i n g 
c o m p l e x m a n o e u v r e s i n d i f f i c u l t c o n d i t i o n s ) 
and o n - b o a r d w e a t h e r r o u t c i n g a r e a l l w e l l -
s u i t e d f o r a d v i s o r y s u p p o r t 
a u t o m a t i c c o n t r o l bv such 
o r e v e n p o s s i b l y 
a n e x p e r t s y s t e m . 
694 
One s p e c i f i c o r e a I n w h i c h o u t o m a t c d e x p e r t 
s u p p o r t c o u l d y i e l d s i g n i f i c a n t b e n e f i t - o s 
e v i d e n c e d by numerous r e c e n t s h i p p i n g 
d i s a s t e r s - I s t h e r e c o g n i t i o n and a v o i d a n c e 
o f p o t e n t i a l c o l l i s i o n s o r g r o u n d i n g s . G i v e n 
r e l e v a n t b a c k g r o u n d I n f o r m a t i o n , and s u i t a b l e 
I n p u t c h a n n e l s f o r c o n t i n u o u s l y u p d a t i n g 
d y n a m i c a l 1 y - c h a n g l n g f a c t o r s i n t h e v e s s e l ' s 
e n v i r o n m e n t , on I n t e l l i g e n t Know l e d g e - B a s e d 
S y s t e m ( I K B S ) w o u l d m a i n t a i n a c o n t i n u o u s 
' w a t c h i n g b r i e f ' on s h i p s and o t h e r p o t e n t i a l 
h a z a r d s I n t h e v i c i n i t y . On d e t e c t i n g t h e need 
f o r a l t e r a t i o n s o f c o u r s e a n d / o r s p e e d t o 
e l i m i n a t e t h e d a n g e r o f h a z a r d o u s p o t e n t i a l 
c o l l i s i o n s i t u a t i o n s , a s u i t a b l y - t a i l o r e d 
i n f e r e n c e p r o c e s s w o u l d make r e c o m m e n d a t i o n s 
o f a p p r o p r i a t e a c t i o n s Co e n s u r e s a f e t y . T h i s 
i m p l i e s t h e d e v e l o p m e n t o f an a c c u r a t e m o d e l 
f o r t h e b e h a v i o u r o f t h e v e s s e l u n d e r t a k i n g 
s u c h m a n o e u v r e s , and f o r t h e p e r c e p t i o n o f a 
h a z a r d a t a s u f f i c i e n t l y f u t u r e t i m e I n o r d e r 
f o r t h e manoeuvre t o be c a r r i e d o u t . 
I n o r d e r t o p r o v i d e m e a n i n g f u l a s s i s t a n c e I n 
t h e f o r m o f an e l e c t r o n i c a d v i s e r , i t i s 
n e c e s s a r y f i r s t t o have some u n d e r s t a n d i n g o f 
t h e s i t u a t i o n a t t h e c o n t r o l s t a t i o n ( t h e 
b r i d g e ) o f a modern v e s s e l : a c o m p e t e n t 
a d v i s o r y s y s t e m w i l l be e x p e c t e d t o h a n d l e 
t h a t sane s i t u a t i o n as e x p e r t l y , and w i t h i n 
t h e same t i m e c o n s t r a i n t s , as t h e s h i p ' s 
m a s t e r . He i s c o n s t a n t l y i n r e c e i p t o f a w i d e 
r a n g e o f i n f o r m a t i o n f r o m a v o r l e t y o f 
s o u r c e s : I n s t r u m e n t s r e l a y i n g r u d d e r s e t t i n g 
and e n g i n e rpm. as w e l l as speed t h r o u g h t h e 
w a t e r . r o l l , p i t c h and yaw; p o s i t i o n a l 
I n f o r m a t i o n and speed-made-good ( I . e . r e l a t i v e 
t o t h e s e a b e d ) a r e p r o v i d e d w i t h t h e a i d o f 
s u c h n a v i g a t i o n a l s y s t e m s as D c c c a , Omega, 
L o r a n - C and Sa t - N a v ; any o b s t a c l e s a b o v e o r 
b e l o w t h e s u r f a c e a r e b r o u g h t t o n o t i c e by 
r a d a r and s o n a r d e t e c t i o n s y s t e m s ; t h e 
r e l o t i v e speed and c o u r s e o f o t h e r v e s s e l s i n 
t h e v i c i n i t y i s g i v e n by ARPA. t h e A u t o m a t i c 
Radar P l o t t i n g A i d . On t o p o f t h i s c o n t i n u o u s 
s t r e a m o f e l e c t r o n i c d a t a , v i s u a l and a u d i t o r y 
I n f o r m a t i o n , i n c l u d i n g t h a t p a s s e d on by o t h e r 
members o f t h e c r e w , must be p r o c e s s e d i n r e a l 
t i m e . and a p p r o p r i a t e r e s p o n s e s mode. The 
c o n s e q u e n c e s o f i n a d e q u a t e p r o c e s s i n g , 
g e n e r o l l y r e f e r r e d t o as 'human e r r o r ' , have 
been a l l t o o e v i d e n t o f l a t e . 
C e r t a i n p r e r e q u i s i t e s f o r t h e p r o p o s e d e x p e r t 
s y s t e m a r e i m n e d i a t e l y e v i d e n t . F i r s t , i t must 
be c a p a b l e o f r e c e i v i n g and p r o c e s s i n g a l l o f 
t h e e l e c t r o n 1 c a 1 1 y - s e n s e d d a t a w h i c h i s 
n o r m a l l y d i s p l a y e d on t h e b r i d g e I n s t r u m e n t s , 
p l u s any a d d i t i o n a l I n f o r m a t i o n w h i c h may be 
I n p u t by t h e u s e r . S e c o n d , I t must be 
c o g n i s a n t . as i s t h e s h i p ' s m a s t e r . o f 
p e r f o r m a n c e c h o r a c t e r 1 s t i c s o f t h e v e s s e l , 
p l u s any o t h e r r e l e v a n t p a r a m e t e r s - l e n g t h , 
d r a u g h t . e t c . T h i r d . I t roust bo c o n v e r s a n t 
w i t h t h e I n t e r n a t i o n a l R e g u l a t i o n s f o r 
P r e v e n t i n g C o l l i s i o n s a t Sea [ 2 ] . and t h e 
r a m i f i c a t i o n s o f t h o s e r e g u l a t i o n s i n a 
rau111 p i I c 1 1 y o f s i t u a t i o n s . F o u r t h , I t must be 
c a p a b l e o f a r r i v i n g a t a r e a s o n e d r e s p o n s e t o 
c u r r e n t c i r c u m s t a n c e s . and p r e s e n t i n g t h a t 
r e s p o n s e c l e a r l y , t o g e t h e r w i t h a s u c c i n c t and 
u n c o n f u s i n g e x p l a n a t i o n o f i t s r e a s o n i n g i f 
r e q u i r e d . F i f t h , i t must be o b l e t o r e -
e v a l u a t e c h a n g i n g c i r c u m s t a n c e s , and g i v e i t s 
c o n c l u s i o n s w i t h i n a a o t t e r o f s e c o n d s . 
As i n d i c a t e d . t h e a d v i s o r y t a s k u n d e r 
c o n s i d e r a t i o n h e r e I s t h a t o f c o l l i s i o n 
a v o i d a n c e . D e v e l o p m e n t i s t a k i n g p l a c e w i t h i n 
t h e f r a m e w o r k o f a t o t a l v o y a g e management 
s y s t e m ; I t i s i n t e n d e d t h a t t h e c o l l i s i o n 
a v o i d a n c e t a s k w i l l u l t i m a t e l y be I n t e g r a t e d 
w i t h o t h e r e l e m e n t s o f t h e s y s t e m u n d e r t h e 
c o n t r o l o f a UIHPS ' d e s k t o p ' a u 1 1 i - 1 a s k 1ng 
e n v i r o n m e n t . For t h e p r e s e n t . t h e e x p e r t 
a d v i s o r y s y s t c o f o r c o l l i s i o n a v o i d a n c e i s 
b e i n g d e v e l o p e d as one a p p l i c a t i o n u n d e r s u c h 
an e n v i r o n m e n t . The r e q u i r e m e n t s f o r s u c h a 
s y s t e m , as o u t l i n e d a b o v e , a r e e x p l o r e d i n 
d e t a i l b e l o w . 
2. THE EXPERT SYSTEM AS A TOOL 
S o c i e t y t o d e y i s s u f f e r i n g f r o m ' i n f o r m a t i o n 
o v e r l o a d ' . E v e r y a s p e c t o f l i f e , d o m e s t i c o r 
b u s i n e s s . I s b e s e t by o c o n t i n u o u s s t r e a m o f 
d a t a f r o m a r a n g e o f s o u r c e s . T h e s i g n i f i c a n c e 
o f t h i s d a t a t o t h e t o s k i n h a n d v a r i e s f r o m 
v i t a l t h r o u g h i r r e l e v o n i t o p o s i t i v e l y 
o b s t r u c t i v e . One i o p o r t a n t r o l e o f any t o p 
e x e c u t i v e ' s p e r s o n a l a s s i s t a n t i s t o f i l t e r 
i n c o m i n g d a t a . e n s u r i n g t h a t management's 
a t t e n t i o n can be g i v e n w h o l l y t o t h e r e l e v a n t 
f a c t s ( h o p e f u l l y I n an e a 3 i 1 y - d I g e s t i b 1 e 
f o r m ) , and n o t swamped o r b l o c k e d by 
e x t r a n e o u s ' n o i s e ' . 
An e x p e r t s y s t e m f o r voyage management s h o u l d 
be s e en I n s u c h a r o l e . One c l e a r r e a s o n f o r 
human e r r o r i n t h e m a r i t i m e s e t t i n g i s an 
i n a b i l i t y t o e x t r a c t and c o l l a t e t h e r e l e v a n t 
m a t e r i a l f r o o t h e mass o f d a t a a v a i l a b l e , t h e n 
f o r m u l a t e and I m p l e m e n t an a p p o s i t e s t r a t e g y , 
a l l w i t h i n a s t r i c t l y l i m i t e d t i m e - f r a m e . A 
r u l e - b a s e d s y s t e m c o u l d r a p i d l y i d e n t i f y 
p e r t i n e n t f a c t s , d i s c a r d i r r e 1 e v a n c i e s . and 
c o n s t r u c t a p l a n o f o c t i o n ( o r p o s s i b l y a s e t 
o f a l t e r n a t i v e s ) f o r c o n s i d e r a t i o n by t h e 
m a n a g e r . I . e . t h e s h i p ' s m a s t e r . 
I n t h e s p e c i f i c i n s t a n c e o f m a r i n e c o l l i s i o n 
a v o i d a n c e , an i n i t i a l f r a m e w o r k f o r t h e r u l e 
b a s e a l r e a d y e x i s t s . i n t h e a f o r e m e n t i o n e d 
a n t i - c o 1 I i s l o n r e g u l a t i o n s . By t h e m s e l v e s , 
h o w e v e r , t h e s e r e g u l a t i o n s a r c i n a d e q u a t e f o r 
s u c h a t a s k , s i n c e t h e y l e a v e t h e o n u s f o r 
c e r t a i n m a j o r d e c i s i o n s w i t h t h e m a r i n e r . Such 
p h r a s e s as ' i n good t i m e ' , 'a c l e a r t u r n ' , end 
'a s a f e d i s t a n c e ' a r e open t o a w i d e v a r i e t y 
o f i n d i v i d u a l i n t e r p r e t a t i o n s , w h i c h may t h e m -
s e l v e s v a r y w i t h d i f f e r e n t c o n t e x t s ; sea 
s t a t e , n a t u r e o f v e s s e l and c a r g o . p o s s i b l e 
m a n o e u v r i n g r e s t r i c t i o n s ( s u c h as c o a s t a l 
f e a t u r e s o r s h i p p i n g l a n e s ) , t r a f f i c d e n s i t y -
a l l a f f e c t d e c i s i o n s on c o l l i s i o n a v o i d a n c e 
m a n o e u v r e s . As w i t h any c o m p e t e n t human P.A., 
t h e r e f o r e , t h e e l e c t r o n i c a d v i s e r w o u l d h ave 
t o be c o n v e r s a n t w i t h t h a t b r o a d e r s p e c t r u m o f 
' r u l e s ' ( i . e . s i t u a t i o n a l r e s p o n s e s ) w h i c h 
d e r i v e f r o m a p p l i e d coomonsense and y e a r s o f 
e x p e r i e n c e : s u c h e x p e r i e n c e . g l e a n e d f r o m 
human e x p e r t s , must be f o r m a l i s e d i n t o an 
i n f e r e n c e s t r u c t u r e w h i c h g i v e s s u b s t a n c e t o 
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t h e b o r e bones o f t h e o f f l c l o l r e g u l a t i o n s . 
C o n t i n u i n g t h e a n a l o g y , t h e s y s t e m s h o u l d be 
u n o b t r u s i v e , p r o v i d i n g i n f o r a a t l o n o n l y 03 
r e q u e s t e d . I n a a c a n l n g f u l way - b u t w i t h t h e 
c a p a b i l i t y f o r d r a w i n g a t t e n t i o n t o a a t t e r s I n 
need o f i a m e d l a t e a c t i o n . 
C l e a r l y , an e l e c t r o n i c p e r c e p t i o n o f t h e 
c n v i r o n a e n t w i l l d i f f e r i n c e r t a i n r e s p e c t s 
f r o m t h a t a r r i v e d a t t h r o u g h human s e n s e s , and 
e l e c t r o n i c a p p r a i s a l o f a g i v e n s c e n a r i o may 
n e c e s s a r i l y t a k e a d i f f e r e n t p a t h f r o m a human 
l i n e o f t h o u g h t . For e x a m p l e , a human o b s e r v e r 
may s p o t a l m o s t i m m e d i a t e l y t h a t a n o t h e r s h i p 
i s t u r n i n g , by i t s c h a n g e i n v i s u a l a s p e c t ; 
a c o m p u t e r w o u l d need s e v e r a l s u c c e s s i v e ARPA 
r e a d i n g s b e f o r e r e a c h i n g t h e same c o n c l u s i o n . 
C o n v e r s e l y , t h e human l o o k o u t w o u l d need t o 
o b s e r v e a n o t h e r v e s s e l f o r some t i m e b e f o r e 
d e d u c i n g t h a t i t was on a c o n s t a n t b e a r i n g , 
and t h u s on a c o l l i s i o n c o u r s e - a. f a c t w h i c h 
w o u l d be I m a e d l a t e l y a p p a r e n t t o t h e c o m p u t e r , 
even down t o t i m e and p o s i t i o n o f I m p e n d i n g 
c o l l i s i o n , by e x t r a p o l a t i o n f r o m v e l o c i t y and 
d i s p l a c e m e n t v e c t o r s . I t f o l l o w s t h a t t h e 
r e q u i r e m e n t i s f o r a s y s t e m w h i c h , i n u s i n g 
I t s p r o c e s s i n g c a p a b i l i t i e s t o t h e o p t i m u m , 
p a r a l l e l s human r e a s o n i n g , w i t h o u t n e c e s s a r i l y 
d u p l i c a t i n g i t I n e v e r y d e t a i l . The f i n a l 
o u t c o m e s h o u l d n e v e r t h e l e s s c o r r e s p o n d t o t h e 
human e x p e r t ' s d e c i s i o n p r o c e s s . c o m b i n i n g 
o b s e r v e d good p r a c t i c e w i t h s e l f - e v i d e n t 
c o o m o n s e n s c . 
A g r a p h i c a l r e p r e s e n t a t i o n o f t h e c u r r e n t 
s c e n a r i o i s c l e a r l y a p r e r e q u i s i t e ; a w e l l -
p l a n n e d d i s p l a y , i n v o k i n g good use o f c o l o u r 
and s c a l e , w o u l d a l l o w t h e I m m e d i a t e s i t u a t i o n 
t o be t a k e n i n by a c u r s o r y g l a n c e , w i t h o u t 
e x c e s s i v e d e t a i l . Such d e t a i l c o u l d be o f f e r e d 
OS ' o p t i o n a l e x t r a s * , f o r e x a m p l e : 
( a ) a s t a t u s r e p o r t , g i v i n g c u r r e n t s p e e d a n d 
b e a r i n g , d e t a i l s o f any c u r r e n t m a n o e u v r e , 
p l u s any p e r t i n e n t d a t a on n e a r b y s h i p s o r 
o t h e r h a z a r d s ( n o t a b l y , p r o j e c t e d t i m e t o 
c o l l i s i o n o r n e a r - t a l s s , i f a p p l i c a b l e ) ; 
( b ) an a p p r a i s a l o f t h e c u r r e n t s i t u a t i o n . 
I n d i c a t i n g a d v i s e d c o u r s e o f a c t i o n , w i t h 
s u p p o r t i n g r a t i o n a l e f o r s u c h a d v i c e 
a v a i l a b l e on demand; i n a r e a l - t i m e e x p e r t 
s y s t e m , t h a t r a t i o n a l e w o u l d n e c e s s a r i l y 
I n c l u d e r e f e r e n c e t o p r i o r , and l i k e l y 
f u t u r e , e v e n t s - a d i m e n s i o n a b s e n t f r o m 
• o s t IRBS. 
Such o p t i o n s c o u l d be p r o v i d e d a t t h e p r e s s o f 
a b u t t o n i n a m e n u - d r i v e n WIHPS e n v i r o n m e n t , 
w i t h no r e q u i r e m e n t f o r k e y b o a r d d e x t e r i t y o r 
o t h e r new s k i l l s . I n f o r m a t i o n w o u l d be t o hand 
e x a c t l y as and when n e e d e d , w i t h o u t c o n f u s i o n 
or c o m p l i c a t i o n , p a r t i c u l a r l y b e a r i n g I n m i n d 
t h a t t h i s f a c i l i t y i s l i k e l y t o be most n e e d e d 
a t t i m e s o f g r e a t e s t s t r e s s . 
3. THE PLYMOUTH DEVELOPMENT SYSTEM 
A c u s t o m i s e d e x p e r t s y s t e m s h e l l h as bee n 
d e v e l o p e d i n i t i a l l y on an A t a r i ST a l c r o -
c o o p u t c r , and r e c e n t l y t r a n s f e r r e d t o an A c o r n 
A r c h i m e d e s RISC ( R e d u c e d I n s t r u c t i o n S e t 
C o m p u t e r ) s y s t e m - A f t e r much c o n s i d e r a t i o n o f 
s u i t a b l e p r o g r a a m l n g l a n g u a g e s f o r s u c h a 
t a s k , t h e 'C' l a n g u a g e was c h o s e n f o r a number 
o f r e a s o n s : 
( 1 ) t h e c o n s t r a i n t s o f r e a l - t i m e p r o c e s s i n g 
d i c t a t e t h e need f o r o p t i m u m e f f i c i e n c y , 
i n t e r m s o f s p e e d , c o m p a t i b l e w i t h t h e 
c o m p l e x i t i e s o f p r o g r a m s t r u c t u r e r e q u i r e d 
f o r s uch a r u l e - b a s e d s y s t e m ; 
( 2 ) mony o f t h e r u l e s a r e e x p r e s s e d i n t e r m s 
o f t r i g o n o m e t r i c a l c o n s i d e r a t i o n s , g i v i n g 
a s u b s t a n t i a l b i a s t o w a r d s m a t h e m a t i c a l 
c a l c u l a t i o n , and t h u s f a v o u r i n g a l a n g u a g e 
w h i c h d e a l s e f f i c i e n t l y w i t h s u c h n e e d s ; 
( 3 ) C I s t h e n a t i v e l a n g u a g e o f most UIMPS 
e n v i r o n m e n t s , g i v i n g a c c e s s t o f a c i l i t i e s 
a t a l l l e v e l s : 
( 4 ) e n t i t l e s o f v a r i o u s t y p e s - r u l e s , s h i p s , 
e n c o u n t e r s ( n o t t o m e n t i o n w i n d o w s . I c o n s 
e t c . w i t h i n t h e WIMP s y s t e m ) - moy a l l be 
h a n d l e d v e r y e f f e c t i v e l y es ' s t r u c t u r e s ' 
I n C; e a r l i e r I n t e n t i o n s o f u s i n g an 
o b j e c t - o r i e n t e d f r o n t - e n d t o t h i s s y s t e m 
h a v e been s e t a s i d e , s i n c e t h i s v e r s a t i l e 
C d a t a t y p e m e e ts a l l p e r c e i v e d n e e d s 
( p a r t i c u l a r l y u n d e r t h e new ANSI s t a n d a r d ) 
w i t h o u t t h e a p p a r e n t o v e r h e a d s o f o t h e r , 
o b j e c t - o r i e n t e d or d e c l a r a t i v e l a n g u a g e s . 
B o t h c o m p u t e r s w ere c h o s e n o n t h e b a s i s o f 
p r o c e s s i n g power a t r e l a t i v e l y l ow c o s t , good 
VIMPS a n d g r a p h i c s f a c i l i t i e s , a nd c a p a b i l i t y 
f o r a v a r i e t y o f 1 n p u t / o u t p u t o p t i o n s , b o t h 
d l g l t o l a nd a n a l o g . A d e c i s i o n t o t r a n s f e r t o 
t h e A c o r n RISC m a c h i n e was b o s e d on t h e need 
f o r c o m p a t a b l I I t y w i t h o t h e r s h i p management 
f u n c t i o n s c u r r e n t l y u n d e r d c'•'c I o pme n t by t h e 
S h i p C o n t r o l C r o u p a t P l y m o u t h , as w e l l as i t s 
s u p e r i o r i t y on a number o f f r o n t s . The RISC_OS 
m u l t i t a s k i n g e n v i r o n m e n t , c o u p l e d t o v e r s a t i l e 
1/0 h a n d l i n g , a r e w e l l s u i t e d t o t h e p l a n n e d 
I n t e g r a t e d s y s t e m . 
The s c r e e n d i s p l a y i s I n t h e f o r m o f t h r e e 
w i n d o w s . OS shown I n f i g u r e I . A s q u a r e 
g r a p h i c s w indow, f i l l i n g a p p r o x i m a t e l y h a l f o f 
t h e s c r e e n a r e a . d i s p l a y s Che t r a c k s and 
p o s i t i o n s o f one's own v e s s e l ( o w n - s h i p ) and 
any o t h e r v e s s e l s i n t h e v i c i n i t y . w i t h 
m a r k e r s t o show p o s i t i o n s o t c o r r e s p o n d i n g 
t i m e s : o w n - s h i p I s shown as a g r e e n t r o c k , 
o t h e r s i n v a r i o u s c o l o u r s - a t t h e c u r r e n t 
s t a g e o f d e v e l o p m e n t , o n l y o n e o t h e r v e s s e l 
( t h e most t h r e a t e n i n g ) w i l l be ' p r o c e s s e d ' by 
Che r u l e s t r u c t u r e as a p o t e n t i a l h a z a r d ; t h e 
d i s p l a y i n t h e g r a p h i c s w i n d o w may be e n l a r g e d 
by r e f e r e n c e t o a pop-up menu ( i n v o k e d and 
a c t l o n e d by mouse b u t t o n s ) , a n d any p a r t o f 
t h e s c e n e s t u d i e d I n d e t a i l by s c r o l l i n g t h e 
w i n d o w h o r i z o n t a l l y o r v e r t i c a l l y . A s e c o n d 
w i n d o w o p t i o n a l l y d i s p l a y s a r e v i e w o f t h e 
p r o g r e s s o f t h e s i t u a t i o n t o d a t e . I n c l u d i n g 
t h e d e c i s i o n s made by t h e e x p e r t s y s t e m a t 
v e r i o u s s t a g e s : t h i s windo^' may a l s o be 
s c r o l l e d , o r e x p a n d e d o v e r t h e g r a p h i c s w i ndow 
t e o p o r o r i l y . t o d i s p l a y f u r t h e r d e t a i l o f t h e 
s t a g e s o f an e n c o u n t e r . A t h i r d window may be 
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s e l e c t e d and d e - s e l e c t e d as r e q u i r e d , a g a i n by 
a m o u s e - o p e r a t e d pop-up menu; t h i s w i n d o w , 
a p p e a r i n g b e l o w t h e o t h e r t w o . d i s p l a y s d a t a 
on t h e c o u r s e , speed and c u r r e n t m a n o e u v r i n g 
( I f a n y ) o f o w n - s h i p , p l u s s u c h d a t a as i s 
a v a i l a b l e ( v i a r a d a r , e t c . ) on any o t h e r 
i n t h e v i c i n i t y c o n s i d e r e d t o be a 
f u t u r e d e v e l o p m e n t s w i l l a l l o w 
f r o m t h e g r a p h i c s w i ndow o f w h i c h 
v e s s e l 
h a z a r d 
s e l e c t i o n 
p o t e n t 1 a l 
window a t 
h a z a r d I s 
any t i m e . 
t o be 'shadowed' by t h i s 
E a r l y d e v e l o p m e n t c o m p r i s e d t h e e x p e r t s y s t e m 
l o g i c , p l u s s h i p s i m u l a t o r m o d u l e s f o r own-
s h i p and a h a z a r d v e s s e l , a l l h o u s e d I n one 
c o m p u t e r ; a l a t e r v e r s i o n made use o f t h r e e 
m i c r o c o m p u t e r s . one e a c h f o r e x p e r t s y s t e m , 
o w n - s h i p s i m u l a t o r , and h a z a r d s h i p s i m u l a t o r . 
H a v i n g t h u s v e r i f i e d t h e I n t e g r i t y o f t h e 
e x p e r t s y s t e n . t h e c u r r e n t i m p l e m e n t a t i o n i s 
d e s i g n e d t o o p e r a t e i n any o f t h r e e modes, t w o 
b e i n g s i m u l a t o r t r i a l s , t h e t h i r d r e a l d a t a : 
( 1 ) A s e m l - l n t e l 1 I g e n t h a z a r d v e s s e l . u s i n g 
a s i m p l i f i e d e x p e r t s y s c e m f o r c o n t r o l , 
and a dumb o w n - s h i p c o n t r o l l e d by t h e 
c u r r e n t s y s t e m , a r e b o t h s i m u l a t e d as 
a d d i t i o n a l t a s k s u n d e r t h e m u l t i t a s k i n g 
RISC_OS. on t h e same c o m p u t e r aa t h e 
e x p e r t s y s t e m ; s o f t w a r e c o o m u n 1 c a 1 1 on 
c h a n n e l s b e t w een t h e t a s k s s i m u l a t e r a d a r 
d a t a t o and f r o m h a z a r d v e s s e l , and s e n s o r 
/ c o n t r o l i n f o r m a t i o n b e t w e e n o w n - s h i p a n d 
e x p e r t s y s t e m ; 
( 2 ) 
( 3 ) 
H a z a r d 
a b o v e . 
e x p e r t 
s e r i a l 
and o w n - s h i p a r e s i m u l a t e d a s 
b u t i n s e p a r a t e c o m p u t e r s f r o m t h e 
s y s t e m ; c o m m u n i c a t i o n s a r e v i a 
and p a r a l l e l l i n k s r e s p e c t i v e l y : 
I n p u t s 
i n ( 2 ) 
a b o a r d 
w i t h t h e 
v i a a e r i a l and p a r a l l e l p o r t s , as 
a r e f r o m g e n u i n e r a d a r and s e n s o r s 
o w n - s h i p , i . e . a r e s e a r c h v e s s e l 
c o m p u t e r s y s t e m on b o a r d ; s u c h 
i n p u t d a t a has as y e t been used o n l y t o 
t e a t t h e e f f i c a c y o f t h i s f o r m o f i n p u t , 
a n d o b s e r v e t h e r e s p o n s e o f t h e g y s t e r a : 
h o w e v e r . I t i s e n v i s a g e d t h a t t h e c o n t r o l 
o u t p u t s f r o m t h e s y s t e m w i l l i n due c o u r s e 
be c o n n e c t e d t o t h e a u t o o a t l c c o n t r o l s 
a l r e a d y f i t t e d t o t h e v e s s e l ( p r e v i o u s l y 
u s e d w i t h marked s u c c e s s i n c o m p u t e r i s e d 
s h i p g u i d a n c e ( 3 J ) . 
S i m u l a t i o n o f o w n ~ s h l p and h a z a r d f o r ( 1 ) and 
( 2 ) a r e b a s e d on t h e l i n e a r s h i p m o del [ ^ ) . A 
more a c c u r a t e model o f o v n - s h l p i s r e q u i r e d i n 
t h e d e c i s i o n l o g i c o f t h e e x p e r t s y s t e m I t s e l f 
f o r r e f e r e n c e i n t h e l o o k - a h e a d m o d u l e 
d e s c r i b e d i n s e c t i o n 4. The n o n - l i n e a r m o d u l a r 
m o d e l d e r i v e d by Tapp ( 5 ] I s u s e d f o r t h i s 
p u r p o s e . 
i*. CRITERIA FOR DEC I S ION-MA K I NC 
The u l t i m a t e o b j e c t i v e o f any c o l l i s i o n 
a v o i d a n c e p r o c e d u r e I s t o a v o i d c o l l i s i o n s ; a 
s e c o n d a r y o b j e c t i v e I s t o i n f o r m o t h e r 
m a r i n e r s , t h r o u g h p o s i t i v e a c t i o n . t h a t t h e 
p o s s i b i l i t y o f s u c h an I n c i d e n t has been 
r e c o g n i s e d and i s b e i n g d e a l t w i t h . B o t h o f 
t h e s e a l m s a r e s e r v e d by m a n o e u v r e s w h i c h s e e k 
t o m a i n t a i n a zone o f c l e a r w a t e r a r o u n d o n e ' s 
v e s s e l , g e n e r a l l y r e f e r r e d t o a s t h e d o m a i n . 
T h i s o b s e r v e d p r a c t i c e o f e x p e r i e n c e d m a r i n e r s 
( 6 ) h a s been t a k e n as t h e p r l o e o b j e c t i v e o f 
a c i r c l e , o f r a d i u s s u i t e d 
c i r c u m s t a n c e s , c e n t r e d on 
en a d e q u a t e r e p r e s e n t a t i o n 
d a t e . From t h i s s t e m s a 
I d e n t i f i e d by D a v i s 
n a m e l y t h e zone o f 
p r o x i m i t y w i t h i n w h i c h a n o t h e r v e s s e l o r 
o b j e c t s h o u l d be c o n s i d e r e d a s a p o t e n t i a l 
h a z a r d , e v a l u a t e d a s s u c h . a n d a p p r o p r i a t e 
o v o l d a n c e a c t i o n I n i t i a t e d I f n e c e s s a r y . Such 
p r o x i m i t y c o n s i d e r a t i o n s w e r e r e f i n e d by 
C o l l e y I ? ) t o a t i m e - b a s e d c r i t e r i o n , t h e RDRR 
( R a n g e - t o - D o o a I n / R a n g e - R a t e ) ; t h i s r e p r e s e n t s 
t h e e x p e r t s y s t e m ; 
t o t h e v e s s e l and 
o w n s h i p , has p r o v e d 
o f t h e d o m a i n t o 
b r o a d e r a r e a o f c o n c e r n , 
l o p , c l t . ) as t h e a r e n a 
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t h e e x p e c t e d t i m e t o d o m a i n I n f r i n g e m e n t , 
c a l c u l a t e d f r o m c u r r e n t v e l o c i t i e s . A s h i p ' s 
m a s t e r a p p l y i n g a 1 2 - m l n u t c RDRR, f o r e x a m p l e 
( b a a e d on h a n d l i n g c h a r a c t e r i s t i c s f o r h i s 
v e s s e l ) w o u l d e v a l u a t e a p o t e n t i a l e n c o u n t e r 
12 m i n u t e s b e f o r e d o m a i n i n f r i n g e m e n t , and 
i m p l e m e n t a p p r o p r i a t e a c t i o n a t t h a t t i m e . 
R e s u l t s f r o m an e a r l y v e r s i o n o f t h e s y s t e m , 
u s i n g t h e RDRR c o o c e p t , i n d i c a t e t h a t s u c h a 
f i x e d ' d e c i s i o n s c h e d u l e r ' I s n o t a p p r o p r i a t e 
t o e v e r y e n c o u n t e r s i t u a t i o n . A f l e x i b l e t l m c -
c o n a t r a l n t , m a t c h i n g d e c i s i o n t i m e Co i n t e r v a l 
n e e d e d f o r a s a f e m a n o e u v r e , e n s u r e s o p t i m u m 
m a n o e u v r i n g t i m e : a d e q u o t e , b u t n o t e x c e s s i v e . 
T h i s P r e d e t e r m i n e d S a f e M a n o e u v r i n g T i m e 
(PSMT) i s f o u n d by s i m u l a t i n g any p r o j e c t e d 
e n c o u n t e r w e l l I n a d v a n c e , f o r I n c r e a s i n g RDRR 
v a l u e s ( s t a r t i n g f r o m some p r e s e t m i n i m u m , s a y 
10 m i n u t e s ) , u n t i l s a f e c l e a r a n c e i s a c h i e v e d . 
The s i m u l a t i o n e x e r c i s e I s an i n t e g r a l e l e m e n t 
o f t h e d e c i s i o n l o g i c , and c o r r e s p o n d s t o a 
human a p p r a i s a l o f w h e t h e r o r n o t a s i t u a t i o n 
r e q u i r e s p a r t i c u l a r l y e a r l y r e m e d i a l a c t i o n . 
F i g u r e 2 shows t h e p r i n c i p l e o f t h e l o o k - a h e a d 
s i m u l a t i o n used w i t h i n t h e e x p e r t s y s t e m t o 
s e l e c t on a p p r o p r i a t e RDRR. i . e . t h e PSMT. f o r 
any e n c o u n t e r . A f i x e d minimum RDRR I s used i n 
p r e f e r e n c e t o a f r e e - f 1 o a t 1 n g J I T ( J u s t I n 
T i m e ) s t r a t e g y . I n r e c o g n i t i o n o f t h e need t o 
t a k e a c t i o n i n good t i m e , so as n o t t o p a n i c 
m a s t e r s o f o t h e r s h i p s I n t o e m e r g e n c y a c t i o n . 
The r u l e s t r u c t u r e I s d e s i g n e d t o : 
( a ) N o t e t h e p r e s e n c e o f a p o t e n t i a l h a z a r d , 
a s s e s s t h e t h r e a t i n t e r m s o f e x p e c t e d 
t i m e t o domain v i o l a t i o n ( i f a p p l i c a b l e ) 
and d e r i v e t h e PSHT f o r a v o i d a n c e a c t i o n ; 
( b ) A t PSMT; I d e n t i f y t h e t y p e o f e n c o u n t e r ; 
f i x t h e s t a t u s o f o w n - s h i p and p e r c e i v e d 
s t a t u s o f h a z a r d s h i p ( g i v e - w a y o r s t a n d -
o n ) a t t h i s t i m e I n t h e e n c o u n t e r ; o n c e 
d e c i d e d , s t a t u s i s m a i n t a i n e d t h r o u g h o u t 
t h e e n c o u n t e r , u n l e s s c i r c u m s t a n c e s c h a n g e 
t h e r e g u l a t i o n s r u l e o u t c h a n g e s i n 
s t a t u s due s o l e l y t o c h a n g e s i n r e l a t i v e 
p o s i t i o n s t h r o u g h a v o i d a n c e m a n o e u v r e s : 
( c ) N e g o t i a t e t h e s t a g e s o f t h e e n c o u n t e r , 
w i t h a p p r o p r i a t e s a f e t y m a r g i n s . 
I t I s a n t i c i p a t e d t h a t ( c ) w i l l be e x t e n d e d t o 
i n c o r p o r a t e t h e p o s s i b l e need f o r a c h a n g e i n 
s t r a t e g y I n r e s p o n s e t o u n t o w a r d a c t i o n by 
o t h e r v e s s e l s , i n c l u d i n g e m e r g e n c y m a n o e u v r e s : 
s u c h a d d i t i o n a l r u l e s may be e d i t e d I n t o t h e 
e x i s t i n g r u l e base, as d e s c r i b e d i n s e c t i o n S. 
The r u l e s I d e n t i f y i n g and h a n d l i n g t h e t h r e e 
p r i m a r y t y p e s o f e n c o u n t e r a r e as f o l l o w s ; 
( 1 ) Head-on 
Two v e s s e l s a r e a p p r o a c h i n g e a c h o t h e r on 
n e a r - r e c i p r o c a l b e a r i n g s ( w i t h i n +/- 6 
d e g r e e s , i n t h i s s y s t e m ) . A v e s s e l i n s u c h 
an e n c o u n t e r o u s t c o n s i d e r i t s e l f g l v e - w o y 
and a l t e r c o u r s e t o s t a r b o a r d ( r i g h t ) : i t 
s h o u l d n o t b e g i n t o come back o n t o c o u r s e 
u n t i l t h e o t h e r v e s s e l has p a s s e d 90 
d e g r e e s on t h e p o r t beam ( l e f t s i d e ) ; 
F l R u r e 2 M u l t i p l e L o o k - A h e a d S i m u l a t i o n 
S l m l a t i o n s 1 a n d 2 b o t h show 
o w n - s h i p ' s d o m a i n b e i n g 
I n f r i n g e d by t h e h a z a r d 
I v e s s e l . S i m u l a t i o n 3 
i d e n t i f i e s a s a f e 
t I m e - t o - g o . 
/ K f l m O flfSSEl 
WN-SHIP 
( 2 ) C r o s s i n g 
Two v e s s e l s a r c a p p r o a c h i n g e a c h o t h e r a t 
an a n g l e s u c h t h a t each c an see one s i d e 
o f t h e o t h e r : more s p e c i f i c a l l y , one 
v e s s e l i s i n t h e s e c t o r s u b t e n d e d by t h e 
p o r t o r s t a r b o a r d I l g h c . 112.3 d e g r e e s 
m e a s u r e d f r o m t h e bow ( f r o n t ) on e a c h 
s i d e . The s h i p a p p r o a c h i n g t h e p o r t s i d e 
o f t h e o t h e r v e s s e l s h o u l d g i v e woy. 
a l t e r i n g c o u r s e t o s t a r b o a r d and g o i n g 
b e h i n d . I t s h o u l d n o t a l t e r back u n t i l t h e 
o t h e r v e s s e l h as pas s e d 15 d e g r e e s t o p o r t 
o f o w n - s h i p ' s o r i g i n a l h e a d i n g ; 
( 3 ) O v e r t a k i n g 
A s h i p i s deemed t o be o v e r t a k i n g i f i t i s 
a p p r o a c h i n g f r o m w i t h i n t h e s t c r n l i g h t 
s e c t o r ( t h e r e a r 135 d e g r e e a r c ) . I t 
s h o u l d g i v e way as f o l l o w s : 
( a ) I f on n e a r - p a r a 1 1 c 1 c o u r s e ( w i t h i n 10 
d e g r e e s , i n t h i s s y s t e m ) , go b e h i n d ; 
a l t e r bock when s a f e t o do s o : 
( b ) I f on p o r t q u a r t e r o f s t a n d - o n v e s s e l , 
a c t i o n as f o r ( a ) ; 
( c ) I f on s t a r b o a r d q u a r t e r , and s e t t o 
o v e r t a k e ahead on c u r r e n t c o u r s e . AND 
i f a b l e t o p a r a l l e l c o u r s e s w i t h o u t 
i n f r i n g e l n g d o m a i n , p a r a l l e l - u p ; when 
w e l l p a s t ond c l e a r t o p u l l a c r o s s , 
r e t u r n t o o r i g i n a l h e a d i n g : 
( d ) O t h e r w i s e , go b e h i n d t o p o r t , a l t e r -
back when s a f e t o do s o . 
The r u l e s embody t h e I n t e r n a t i o n a l R e g u l a t i o n s 
f o r P r e v e n t i n g C o l l i s i o n s a t S*^ a . p l u s 
c l a r i f i c a t i o n o f s p e c i f i c p r a c t i c a l d e t a i l as 
n o t e d by C o l l c y and used m o s t e f f e c t i v e l y i n 
an e a r l i e r s i m u l a t i o n . U s i n g t h c i e r u l e s . a 
c o l l i s i o n a v o i d a n c e m a n o e u v r e i s t a k e n t h r o u g h 
f i v e s t a g e s , as f o l l o w s : 
( 1 ) 20 m i n u t e s I n a d v a n c e o f p r o j e c t e d d o m a i n 
I n f r i n g e m e n t . l o o k - a h e a d s i m u l a t i o n i s 
u s e d t o i d e n t i f y a s u i t a b l e PSMT: 
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When t h e PSHT i s r e a c h e d , t h e g i v e - w a y 
v e s s e l i n i t i a t e s a t u r n i n g a c t i o n : 
Once t h e r e q u i r e d t u r n l a e f f e c t e d 
( m i nimum 30 d e g r e e s i n t h i s s y s t e m . t o 
c o n f o r m w i t h ' c l e a r t u r n ' r e q u i r e m e n t , b u t 
more I f n e c e s s a r y t o c l e a r t h e d o m a i n ) , 
t h e v e s s e l p r o c e e d s on a s t r a i g h t c o u r s e ; 
When t h e o r i g i n a l h e a d i n g may be resumed 
w i t h o u t f u r t h e r r i s k o f d o m a i n i n f r i n g e -
ment ( a n d any o t h e r c o n d i t i o n s a r e m e t ) , 
a l t e r - b a c k i s i n i t i a t e d , n e c e s s i t a t i n g a 
t u r n I n t h e o t h e r d i r e c t i o n ; 
When back on t h e o r i g i n a l h e a d i n g , v e s s e l 
p r o c e e d s on t h a t h e a d i n g ; m a n o e u v r e o v e r . 
INFERENCE ENGINE AND RULE STRUCTURE 
The I n f e r e n c e e n g i n e o p e r a t e s on a d i s c r e t e 
t i m e - i n t e r v a l o f 20 s e c o n d s . A t each s t e p t h e 
I n f e r e n c e e n g i n e w i l l : 
( 2 ) 
( 3 ) 
( i ) 
( 5 ) 
( a ) 
< b) 
f u r t h e r 
s u c h 
t a k e d y n amic i n f o r m a t i o n v i a c o m m u n i c a t i o n 
c h a n n e l s f r o m r a d a r and o w n - s h i p s e n s o r s 
( o r s i m u l a t o r s ) : f r o m t h e s e p a r a m e t e r s 
( s p e e d , c o u r s e , p o s i t i o n ) I t w i l l g e n e r a t e 
s e c o n d a r y d a t a : r e l a t i v e b e a r i n g , r e l a t i v e 
v e l o c i t y c o m p o n e n t s , e t c . - f o r use i n 
r u l e e v a l u a t i o n ; 
a p p l y t h e a p p r o p r i a t e r u l e t o t h e s e d a t a , 
t o a s c e r t a i n t h e new s i t u a t i o n ; e a c h r u l e 
i n v o l v e s a t e s t on t h e s e s y s t e m v a r i a b l e s 
and may e n t a i l e v a l u a t i o n o f 
f u n c t i o n s o f t h e s e v a r i a b l e s 
f u n c t i o n s f o r m p a r t o f t h a t r u l e . 
t r i g g e r d i s p l a y and c o n t r o 1 / s 1 m u l a t o r o u t -
p u t s i n r e s p o n s e t o any c h a n g e I n s t a t u s : 
I n v o k e any new r u l e s I n d i c a t e d by s u c h a 
c h a n g e , u n t i l a ' d e f e r ' f l o g i s r e a c h e d , 
i n h i b i t i n g any f u r t h e r a c t i o n on t h e r u l e 
base u n t i l t h e n e x t t i m e - s t e p . 
The r u l e base I s an h i e r a r c h i c a l s t r u c t u r e , 
b a s e d on a b i n a r y t r e e , b u t v l t h c o n s i d e r a b l y 
more f l e x i b i l i t y i n l i n k s t o l e f t and r i g h t 
' s u b - t r e e s ' : i n t h i s r u l e s t r u c t u r e , l i n k s may 
l e a d t o any o t h e r n o d e , up o r down: t w o o r 
more l i n k s may l e a d t o a common node; a l i n k 
may l o o p back t o a node a t a h i g h e r l e v e l . 
F i g u r e 3 shows a s c h e m a t i c o f t h i s s t r u c t u r e . 
I l l u s t r a t i n g p a r t o f t h e I n i t i a l r u l e b a s e . 
( c ) 
LOKOUT 
F i g u r e 3 In arena? 
K!eTIH6 
Y ] Head-on? 
i " " " 
1 I 
I Hrn-fl I ' I pflssiKs 
Y ] Cwplite? |_Nj Y 
r - -1 
OvertaklfiB? N 
1 HEtl-B 1 1 (WN-SHIP 1 1 D10SSIK6 | 
Y 1 Conplete? Y 
1 ' 
6ive-i>au7 1N Y !6lve-May7 H 
REtl-C I lYPt 1 HflZflRD 1 
I Y , Conplete? , H ' Y 
eu. I I 
The r u l e b a s e I s a l s o I n e f f e c t a s t a t e t a b l e , 
e a c h node r e p r e s e n t i n g a p o s s i b l e s t a t e o f 
o w n - s h i p : no e n c o u n t e r c u r r e n t l y I n p r o g r e s s , 
s e c o n d s t a g e o f a ' p a r a 1 1 e 1 - u p ' o v e r t a k i n g 
e n c o u n t e r , e t c . Each node c o n t a i n s : 
( 1 ) l e f t a nd r i g h t l i n k s t o o t h e r n o d e s ( o r 
l o o p i n g b a ck t o t h e same n o d e ) I n t h e r u l e 
s t r u c t u r e ; one o f t h e s e l i n k s w i l l be 
f o l l o w e d a t e v e r y d e c i s i o n s t e p ( I . e . 
e v e r y t i m e - s t e p ) : 
( 2 ) a m a t h e m a t i c a l l y - b a s c d d e c i s i o n f u n c t i o n , 
u s e d t o d e t e r m i n e w h i c h l l n V i s f o l l o w e d 
a t e a c h s t a g e : 
( 3 ) an ' immcd l a t e/d e f e r ' f l a g f o r e a c h l i n k , 
i n d i c a t i n g a c t i o n t i m e f o r t h e n e x t r u l e ; 
( 4 ) s h i p s t a t u s f l a g s . t o p a s s d i s p l a y and 
c o n t r o l I n f o r m a t i o n . 
E x t e n s i o n o f t h e r u l e base I s a c h i e v e d by 
c r e a t i n g t h e r e l e v a n t new nodes and r e s e t t i n g 
t h e n e c e s s a r y l i n k s t o I n s e r t them a t t h e 
a p p r o p r i a t e p o i n t s i n t h e s t r u c t u r e . I t i s 
e n v i s a g e d t h o t a s o f t w a r e u t i l i t y 
u l t i m a t e l y s i m p l i f y t h i s t a s k f o r t h e 
c o m p u t e r - s p e c i a l i s t . 
w i 1 1 
non -
Each r u l e i n c o r p o r a t e s a B o o l e a n f u n c t i o n , 
u s i n g i n e q u a l i t y t e s t s on c o a b i n a t i o n s o f 
d i s p l a c e m e n t and v e l o c i t y v e c t o r s . The b u l k o f 
p r o c e s s i n g I s t h u s c e n t r e d on e v a l u a t i o n o f 
t r i g o n o m e t r i c a l f u n c t i o n s . T h i s f a c t o r becomes 
i n c r e a s i n g l y d o m i n a n t os s i t u a t i o n s i n c r e a s e 
i n c o m p l e x i t y - a m a j o r c o n s i d e r a t i o n i n 
c h o i c e o f l a n g u a g e and f o r m 
f o r a t i m e - c r i t i c a l s y s t e m , 
f l o a t i n g - p o i n t h a r d w a r e can 
b e n e f i t I n s u c h a t a s k i 
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collision avoidance system 
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SYNOPSIS 
The work of the Ship Control Group at Polytechnic South West encompasses a number of research areas. The overall 
ibjective is an integrated navigation system, which will automaiically steer a vessel along a predetermined track, 
iealing with hazards competently and in accordance with the regulations.' This lias, to date, included su}}staniial 
•esearch on both ship models and automatic control and guidance systems. 
The authors are concerned with the development of an on board intelligent knowledge-based system (IKDS) for 
narine collision avoidance, as pan of an coverall voyage management system. A purpose-built expert system shell and 
•ule structure has been implemented in the context of a windows-icons-mouse-pointer system (WIMPS) environment 
7n a multitasking microcomputer suitable for installation on board ship. 
Sensory inputs from radar and associated instrumentation may be supplemented by data via the keyboard. Output 
is in the form of advisor}' messages and alarms where appropriate. An auto-control option facilitates computer 
-.ontrolled manoeuvring through encounter situations. Simulation runs in conjunction with a computerised track-
keeping system, already in operation aboard the polytechnic research vessel, confirming the abiliry of the combined 
Tysiem to divert around potential hazards and then return the vessel onto track. Field trials are anticipated early in 
he ne\^- year, following the installation of the necessary instrumentation. 
rNTRODUCTlON 
Receni accidents ai sea. logether with a series of crises ihai 
lave increased ihe price of fuel o i l . have made shipowners and 
)pcraiors more safety and economy conscious: this in turn has 
nade the requircmenis on ship conirol more demanding, par-
icularly in confined waters, where extensive manocu\Ting is 
iccded. The ability lo predict ihe path of the ship wiih a high 
Icgree of precision is clearly of major imponancc. 
It has been suggested thai 85% of all marine collisions and 
groundings are due to human error, and of these 90% occur in 
:oasiiiJ waters.^ On this evidence alone there is a case for 
research inio. and development of. automated control and 
guidance systems. Mariners on a sea passage are likely to 
experience periods of relatively uneventful sailing, inter-
spersed with periods requiring careful attention and substantial 
decision-making, such as traversing a busy seaway or entering 
port The potential hazards of such a regime are twofold: on the 
quiet stretches a false sense of security can lead to impending 
danger being overlooked until i i is too laic: conversely, infor-
maiion inpui ai busy limes may overload the decision-making 
process (ie the officer of the watch), leading to ill-judged 
actions or dangerous debys in manoeuvring. Both of these 
problems could be obviated by an electronic monitoring sys-
tem, which would analyse sensory inputs such as radar and 
navigational information, giving reasoned and penineni ad-
vice 10 the mariner on the bridge. If such a system were 
available lo advise the officer of ihe watch, perhaps disasters 
such as those involving the fxxon Valdczai\6 the Marchioness 
could be avoided. 
Grahame Blackwell gained a BTech degree tn 
maJhs. sialislics and computing, and a PGCE horn 
Brunei University. He has since been engaged in a 
variety ol computer applicaiions. notably in the scien-
tific and real-lime fields. He later moved into education, 
and played an active pan in ihe development of educa-
lional computing, and is now a sonior leciurer in com-
puting at Polyiechmc South West. He is currenily 
registered for a pan-ume PhD. ihe subjeci ol which is 
'an expen systems approach to collision avoidance'. 
VVhilsi serving an apprenticeship with a marine engi-
neering company. John Chudley gained an HNC m 
mechanical and production engineering. This was (ot-
lowed by a first class honours degree in nauKcal 
studies from Plymouih Polytechnic (now Polyiechmc 
South West). Ho has since undertaken one year of lull 
time research into mathematical modelling of shrps 
and is now a lecturer ai the Polytechnic. 
Before becoming a leaurer. Or M J Dove served 20 
years as a navigator in the Merchant and Royal Navy. 
During this period he obtained an MSc in control tech-
nology. He recently gained a PhD lor work in 'auiomauc 
control guidance". This work led to Ihe development of 
the Ship Conirol Group at Polytechnic South Vv'esl. 
This group specialises m RS D in marine navigation and 
automaiicguidance. Dr Dove is a member of RiNAand 
was elected to a Fellowship of the Institute of Naviga-
tion for services lo education development in naviga-
tion. He currently manages ^ 00 undergraduates taking 
degrees in marine studies at ihe Polytechnic. 
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Much ha.s been wriuen about the fully auiomaicd unmanned 
ship, which may only fcasihly be pul into opcraiion in ihc 
disiani future. Howcver.ihcShipConirolGroupai Polyiechnic 
South West have developed, and arc improving, a sysieni lo 
I assist the mariner. Dovc.Mnvesiigaicd ihc use of Kalman filters 
forimprovemcnL<;ioposiuon fixing in the approaches 10 a pen. 
In joint research with Dove. Bums.* has studied the guidance 
problem: ihc results from ihese twin projects form an optimal 
filler together with an opiimal conu-ollcr. thus breaking the 
opiimal guidance problem down into two di.stinci phases Tlic 
>ysicm is now installed and opcrauonal aboard tiic Polytechnic 
survey vessel.* An expcn system for collision avoidance, 
currently underdevelopment will |>c interfaced lo the system at 
a later date.** 
D I Z F I N r n O N AND G E N E R A L F O R M O F 
T H E M A T H E M A T I C A L . M O D E L 
Madicniaiical mo<lclsof shipdynamiCMnay be broadly split 
WHO ihrcc caicgoncs. covering applicaiioti.s in; 
1. ship manocuvrabiliiy analysis: 
a. .ship design; 
b. waterway improvement and port facihucs; 
c. .<wifeiy regulations and casually studies. 
2. traming and research simulators; 
3. shipboard manoeu^xing predictors. 
'l"he research group m PlymouUi is developing a shipbo:ird 
manoeuvring predictor lo provide assistance to the navigator in 
track control and path-keeping, and otherwise planning the 
trajectory of tlic vessel .so as to minimise the likelihood of 
mi.sliap. 
Development of the model starts wnh a set of generalised 
cquauons lo express the cynamics of a rigid body in a fluid 
medium, derived from Ncwion s second law of motion. These 
c^u;iuuns arc then extended to model Uie complex hydrody-
namic forces and momcnLs experienced by a hull manoeuvring 
i:i response to the control inputs of rudder and propeller. B\ 
inicgrating through small time sicps. the moiions of ihc vessel 
.an be solved. Further forces and moments arc then introduced 
in response to die disturbance inpuus of wind and tide. 
A ship at sea lias si.v degrees of freedom of motion: uansla 
iion along three onhogonal axes and roiiiuon about ea. h of 
ihosc axes. Tluce of these - heave, roll and pitch - may he 
Ignored, since tliey make no contribution to motion in the 
hon/ontal plane (die area o: concern for all practical purposes 
in slnp manoeuvring predictors). By taking the ship s centre of 
mass as the origin for die co-ordinate sysiem. die remaining 
three fomis of mouon m j \ be represented by: 
Surge; m(u - vr) = X (forces generating surge) 
S\v:iy: m(v - ur) = Y (forces generating sway) 
Y-j'j^ : U = N (moments generating yaw) C i 
The forces and moments on the left side of dic.se cquatmiis 
reprcsem the hydroa\*namic and aerodynamic reactions on ihc 
hull of the ship m response to the applied control forces, m 
addtUvjn 10 any other disturbance inpuis The maihcmaiical 
model for ship manoeuvring shoulc cater for the foIUu. mg 
characienstics of ship d^Tiamics: 
! realistic turning ioraJIrudderangles including helm delay 
and loss of speed in die turn: the response to rudder action 
should be asymmetric for a single screw ship: 
2. realistic acceleration and deceleration including menial 
effects and cncmc delavs; 
3. ahead and astern moiior.: 
•3. reduction in ahead moiion. eflcciive helm and squai 
effect in shallow water; 
5. drift caused by a variable tidal stream: 
6. drif i and yaw cau.scd by a wind, variable in both magni-
tude and direction, acting on die hull and superstructure 
of die ship; 
7. single or twm screw operation, mcluding indcfvndcni 
conuol of each screw m Ixilh direcuons. and luming 
rate: 
S. variable pilch operation of the screw; 
9. ship motion due to waves 
The ship model should also Ix; amenable to alii Taiion m 
t>rder to simulate a wide range ol hull lonnsand vessel si/es. 
ranging from a fishing boai to a suix^nankcr. 
Current research on ship manivuvrmg modelling iciids u i 
favour die modular model, m winch ilie mdividiial ek-mcms 
Nuchas the hull. pro|x:ller. rutider. engines ami evuriial irillu 
en^es on a manoeuvring snip, are each represenivil a^  sep:ir:tic 
inieraciivc moclules. tach self-conuiim ci moi'.ulc ut. iaiint ;.• 
hydrodynamic or control iorccs. or lo exicnial effects* IN 
constructed by reference to a detailed physical analysis ol the 
process being modelled. Tlie system as a whole i> then mtK.1-
clicd by combining the indn idual elcmems 
Tlie equations of moi ion lora m(x.lular manoeuvring model 
are generally expressed in the iorm: 
m i l - m r v = X^ ^ - X,, X^^ * X, 
mv 4- m r u = + * ^ ' ^ , 
where suffixes H. P. R and E denote compoiu-nis ol hull, 
propeller, rudder and exienial forces respeciiveh 
One advantage of this approach is its poieniLiI lor expan-
sion. Extra modules ma>' he added to those ai\>vc u> simulate 
bow and stem ihrusiers. lor example, rcprcsenied in ihe equj-
lions by additional lermsofihc form X^. X^. "i" 
I iencc effects such as those referred lo abo\ e n;. ^ \m: mvcs-
iigaicd by 'cusiomisinj:' the model. 
M A T H E \ L - \ T I C A L M O D E L L I N X ; A T 
P O L V T E C M M C S O L T H W E S T 
Tne hydrodynamic forces of a rigid K u h . \^iih fonAard 
speed in free surface wj\es . present a dilficiiU problem; 
accuracy of piediction ol the mouon de[vnding srjnificaniK 
on die ability lo deiermine tlicsv forces. '11;, t.>ariOvii;u;iic 
coefficicnis required in tiie eqj juons of nioiion <i! a Nuix 
moving through a lluid. are usually classified mm uuee general 
categories: 
1. Static. Due lo die compvinents of linear \ eiiviiies ol the 
body rclai)vc to the fluid. 
2. Rotary. Due lo componenis of angular \eUKiiy. 
3. Acceleration. Due loeahcr linear or angula; a.;deration 
components lalso lemieJ "added mitss* >. 
The number and l y j K o f hvdrodynamic toci ri . tents required 
vary- according to die ;ompiexit\ of the ('.'ohlcm bemg 
tnvirsiigaied; ihe ivpeof mautematical model: and the extern lo 
which various effects are ineiuded in ihc represenLiiion. Re-
search over a number of years at Polviechmc S;nidi V^esi has 
culminated m a modular manoeuvring model developed b> 
Tapp for use in a marine simulator;' die text ineludes an 
over\'icw of the v:inous methods for deriving die required 
coefficienis for sucli a model. ia>:ing the form of equaiion [2). 
star tttmr t mrxmunuj: 
S H I P M O D E L L I N G IN C O L L I S I O N 
A V O I D A N C E 
The nature and complexity of ship models incorporaicd in 
collision avoidance sysienisdepcnds primarily on whcihcrone 
isconcemed with shore-based Vessel Traffic Control (VTC) or 
bridge-based advisor>' systems. Research by ihc authors is 
advancing on boih fronts: ihe prototype ship-based IKBS 
described two years ago. has progressed subsianiially in vari-
ous respccLS and is die subject of most of die latter pan of Uiis 
paper*'; and collaborative work with the University of Rome I I 
is yielding interesting dcvclopmcnus in the Held of parallel 
processing and shore-based marine uafHc control.' 
A shore-based advisory/control system requires a working 
knowledge of the performance characicrisiics of all vessels 
under surveillance at any limc. since ihe ability to give helpful 
directives presupposes a capability lo accurately predict Uic 
likely outcome of manoeuvres by one or more vessels. In 
general, those vessels will each fall intooneof thrcccatcgorics: 
1. known vessel, for which hydrodynamic cocfficienLs arc 
documented in deiail. and for which an accurate model 
may be denned; 
2. known or unknown vessel, for which hydrodynamic 
cocffic ienLs are not available, bui which may be fitted into 
one of a number of 'cbsses* of ship, and thus matched 
approAimaiely to a less ughdy defined model; 
3. unknown vessel for which liiUeorno performance data is 
available (apan from immediate observation), and which 
must therefore be judged on a ver>' broad basis, with a 
wide margin for error allowed around any assumptions 
which have to be made. 
Such considerations lead naturally to the need for: 
1. a file of 'modelling' data for all vessels for which such 
data is available, and which frequent the waters under 
sur\'eilJance; 
2. a librar\' of 'standard' vessel lipes. to which ihe majority 
of ships may be fiued with reasonable accuracy; 
3. a rule base which, in so far as is possible, avoids ihe need 
for suppositions about any ship not susceptible lo han-
dling by (1) or (2) - this may well mean prcfcreniiaJ 
Lrcatmcnt for such vessels, on the basisof' when in doubt, 
keep clear'. 
Shore-based VTC. wiii i its requirement for detailed model-
ling of a number of ships simultaneously, demands substantial 
computing power to operate effectively in real-time; hence the 
reference to parallel processing. In mo.si odier respects liic 
problems of shore-based collision avoidance, and the function 
of ship models therein, mirror those ofbridge-based systems as 
considered funher in die paper. Funher references to this topic 
arc to be found in Colajanni.' Degrc.'° and BoOLsma and 
Poldcrmann.'' 
The requirement for ship models in die shipboard Collision 
Avoidance System (CAS) is hx'ofold: firstly, ihe expcn system 
logic must be able to model ship behaviour in order to predict 
likely outcomes of manoeu^TCs: secondly. Uic development 
environment tor such a system for muchof the time wilt consist 
of a simulated environment in which own-ship and the various 
hazard vessels arc represented by appropriate computer mod-
els. 
In die latter case, all of the vessels may be represented as 
accurately as current modelling techniques permit. There is no 
problemof'unknown identity'.since vessels for the simubiion 
cxcrci.sc may be chosen from those for which fu l l sets o f 
hydrodynamic coefficients area vailable.The only hindrance is 
the collection of a suitably representative cross-section of 
sample ship data. The gadiering of hydrodynamic coefficients 
for a single ship is not a trivial task.*' and few such scus are as 
yet readily available.'* However, in the absence of specific 
data, parameters for a 'typical' ship of a specific t jpe are 
adcqijaie for such a task - as proposed above for 'standard 
vessel types'. The question of adequate computing power for 
such a task need not present a problem, since separate vessels 
may if necessar>' be simulated on separate processors - such a 
technique has been shown to have various benefits at cenain 
stages of development.'* Aliemaiivcly, a multitasking envi-
ronment with subsumiial processing power (using one or more 
processors) yields comparable bcncfiis; such a setup is de-
scribed bier in this paper. A less satisfacu)r>' solution is lo run 
the simulation slower dian real-time to circumvent processor 
limitations; such a technique could aid in early dcvclopmcni. 
but may mask oix;raiional limitations of die system if relied 
upon too heavily. 
Modelling of ves.^I lx:haviour. as an integral clcmcni of die 
cx(>cn sy.sicm decision U>gjc. falls imo iw'o vcr>' di.siinci cate-
gories: modelling of own-ship's rcs(X)nsc to applied conuDl.s 
and prevailing environment: and prediction of expected hchav-
iour of a hazard vessel. There is no problem with the former, 
since installation of shipboard CAS prcsuppo.scs prior ev:ilu-
ation of die hydrodynamic coefficients for die vessel in ques-
tion. The latter, however, poscsa ver>' real pragmatic question; 
given that one cannot read (.still less guide) die thoughts of the 
master of anoiher vessel, what bencfii may be derived from 
assessing diecon.scquenccs if a specific control were applied ai 
a specific time on that vessel? The situation is vcr>' different 
from shore-based VTC. where advice (or directives) may he 
communicaicd to any vessel, in the manner of air traffic 
control. At best, one may take into account the perceived ma-
noeuvrability of the other vessel, and thus its ability to resolve 
a tricky situation; at worst, one has to admit die possibility of 
an adverse manoeuvre on his pan. Until proven otherwise (by 
unreasonable procrastination or other 'rogue'action), it maybe 
reasonably assumed that dieodier vessel will conform with the 
rules of the road'; but any attempt to model the other vessel 's 
likely avoidance manoeuvres would be purely speculative, and 
should no: fonn die basis for action on the pan of own-.-chip. 
Given the above caveats, die modelling of a hazard vessel 
has liide pan to play in die expen system logic, other dian con-
sideration of continuation on current course and speed. Tuni-
ing action may be observed, and inicni to avoid possibly 
infcrred.but the extent of die manoeuvre may not be prejudged 
in detail. Manoeu\-Tability of the other vessel may be a factor 
for consideration in the decision logic for emergency siiuaiions 
- this has yet to be considered. Otherwise, any auempt to model 
the behaviour of anodicr vessel, beyond constant velocity pro-
jecuon. is based on untested assumptions and therefore of 
dubious value. This is. of course, a separate issue from diai of 
vessel manoeuvring restrictions and prioriucs as laid down in 
the anti-collision regulations, which should form an integral 
part of the decision suuciure. 
T H E C O L L I S I O N A V O I D A N C E S Y S T E M 
An expert system comprises four major elements: 
1. The user interface. Through which die user requests or 
provides information, and the expen system communi-
cates its findings; 
2. The knowledge base. Comprising all information to be 
considered in making decisions and formulating suate-
gies: 
Mariiifn^ Commu/ticatioris ar^ Control 1 . 
». The rule structure. That sci of logical connccuvcs by 
which ihc facis arc a.ssc.«;.scd, and iho.<;e dccision.'i and 
siraicgics inferred: 
I . The if^erence engine. The underlying abstract principles 
by which the rules are applied to ihc knowledge ba.sc. 
trrcspeciive of the specific appiicaiion (in this ca.<e. ma-
rine collision avoidance). 
Tlie functional demands of a marine CAS differ from i) iosc 
r more conventional expcn systems in all of liiesc re.iixxLS. 
nnsidcrjiions of the opcraung cnvironmcni; the sensory- n:j-
trc of much of the mpui data; real-dmc processing of rules" 
:imparing vector relationships; a need to rationalise ciirrcni 
[Visions in terms of earlier events and aniicipaie<I future 
.inscquences. all call for specialist techniques not fea.vihlc m 
ff-ihc shelf packages. Basic requiremenus in ihcsc k)urare;i.s. 
[id coniinutngdcvclopmcni in the Plymouih system, arc out-
ncd hchiw. 
Mic u.ser interface 
In LOmpuung circles much is made of llie 'man-machmc 
ucrfacc". and nowhere is ii more imponani than in such a 
iiuaiion. where clear and rapid comnuinicaiion of meaningful 
iformjuon may avert potcniiaJ disaster. Simple sclccuon of 
vaiiahlcopuons should be matched by non-(compuicr-) tech-
ical presentation, wiihoui any need for the user to leani new 
kills. Input of rcicvani data may be faciliiated by menu s c l c c -
lon and 'dialogue boxes'. 
A eniphical represeniauonorthecurrcni scenario is clearly 
prerequisite: a well-planned display, invoking good use of 
olour and .scale, allows the immediate siiuaiion to be Liken m 
y a cursory glance, without excessive detail. Addiiional data 
onsidcred relevant for opuonal selcciion comes in ilie form 
if: 
1. a siaius report: givmg present speed and bearing, dciails 
of any current manoeuvre, plus any pertinent data on 
nearby r.hips or other hazards (notably, projected time lo 
collision or near-miss, if applicable): 
2. an appraisal of ihe current situation, indicaung advised 
cour.se of action, with supporung rauonalc for such ad-
vice available on demand: in a real-time expert system, 
thai rationale necessarily includes reference lo prior and 
likely fuiurc events - a dimension absent from most 
IKBS. 
These opuons are provided at the prcssofabuiion mamt-nu-
Irivc WIMPS environmcnL wiih nore^juiremenl for kcytH)arJ. 
Icxicrity or other new skills. Infonnaiion is to hand exactly a.-^  
ind when needed, without confusion or complicaiion - an 
mpooant consideration I'or a facility hkcly to be most needed 
II times of greatest stress. 
The screen display IS in the formof tlircc windows, as shown 
n Fig 1 .The contenbioi these windows arc in a broad sense as 
ircviously defined, and as described more fully in the mSS 
lapcr.*" \^'hiis; there has been no reason to change die naiurc of 
he mfounanon disptjycd. substantial advances have t\:cn 
TiaJc in prc.'^entaiion and user conLruI of that display: cokiur is 
j.scd to good cffecL notably to identify the tracks of difierent 
»htps: scrolling and sizing of windows gives greater control 
)ver tiic inlomiaiioii Jisplayed: mouse-aciivaied menus and 
jialoguc noxes give mstam access to a variety of features - an 
rxample oi such a 'i>op up' menu is shown. 
Figure 1 also shows a 'hazard conu-ol" window supcnm-
)osed upon the expen system display. Tlic development envi-
onmcni includes simulated hazard vcsscl(s) wnh optional 
TianuaJ control. 
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Fig 1: Example screen display, showing text and 
graphics windows, B pop-up option menu, and a 
dialogue box used to conuol a simutaled h a z a r d vessel 
The knowledjie hase 
information rcie^ am in the N \ stem coinpnscv a c<»nhin:ni(in 
of: static i n f o n n : i i i o i : . «. hicii icijies \o IIK * vcs>el and any fuhjr 
relevant factors invariant over j voyage, and dyiuniic miornui-
tion which changes vMih t u n c , such as heading, ptisinon. speed 
and data on jxiicntiai ha / . iuls 
'Ric former nu> t>c fixed paramcicrs lor the vessel icg 
beam), or data lor a particular voyage icg gross tonnage), u 
could include relevant electronic chart data. The latter musi be 
.sampled at regular intervals, bv sensors attached to engines, 
rudder etc. and inicrfaccsioins jumcntaiion such as Automatic 
Radar Plotting .Aid ^.AKf^Ai and Dccca. Seeondarx data on 
vector relationships must Ix: c a k ulaied for relerence 'ny die rule 
ba.sc. 
The expert system has been designed m a motluiar fonn to 
facilitate input trom a variciv ol sources, as lolio\\ s: 
1. pop-updi.i:ug..e boxes are prtmdetl lor ke\board input. 
2. daui from l^^lnJmenLUuln is input v la a p;irjl!el inierKiLC 
to a dedicated coniimiiiu juons priKCssor. linked to all 
sensor/conuui funcuoiis Decja and ARP/\ arc also at -
ccsscd via tills unit. 
.V commumcauon nKKhile^ enable input from 
a. other processors h.in.Iimg a s M V i a i e d uisks. such as 
auiomauc L-ack-keepmg. 
b. other Li.sks running under liic niultiu.sking operating 
s\ sien. on uic s.imf prt>ccssor t noiabb for simulated 
lest en\ironnient. de^'ribed later in this papcri: 
c. associated tasks running m multiLisKir.g mode on a 
sharcri-nicmor\- inuiiiproccssor unit (a juanned ob-
iccu^cj. djiaaciiuisiimn I romele^'tronu charts could 
also t>c handled b\ this iechni.iuc. or b\ die froni-cnd 
processor referred lo m (br. 
Parameters for tlic ship model consuiui. static data. wJnNi 
behaviour oi the model ai an\ umc is deicriinned u iih refer 
cnce to curreni and predicted values of dynamic data. In 
particular Circumstances such shallow - water manoeuvring, 
ahcmaiive ship parameters will apply: a model \xhich adapLs 
dynamically to such conduions is a future aim 
n u h i o l t Loor . - f in t t f S i n u l l l i o n . 
Fig 2: Illustration of multiple look-ahead simulation, 
showing consequences of starting manoeuvre 10, 12 
and 14 min before anticipated domain infringement: In 
c a s e s 1 and 2 (10 and 12 min respectively), the hazard 
|vessel will still infringe the domain; in c a s e 3, the hazard 
vessel will safely clear the domain - a PSMT of 14 min 
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Fig 3: Schematic of rule structure, showing immediate 
(solid) and deferred (dotted) links between rules 
The knowledge base might also include information on other 
ship types and behaviours, not so much for ship modelling as 
for rccoeniuon purposes in implemeniirig the regulations, eg 
fishing vessels, vessels constrained by draught, etc. This is 
likely to need supplementing by manual input, as fully auto-
matic vessel recognition is unlikely to be feasible in the near 
future. Manual ideniificaiion, by selection from an option 
menu, is envisaged initially for the present system once the rule 
base is extended to include such 'special cases'. 
iThe rule structure 
The ultimate objective of any collision avoidance procedure 
is to avoid collisions; a secondary objective is to inform other 
mariners, through positive action, that the possibility of such an 
incident has been recognised and isbcingdcal t with. Both these 
aims :uc ser '^ed by manoeuvres which seek to maintain a zone 
of clear waicr (generally termed the domain) around one's 
vessel. This observed practice of experienced mariners,'^ has 
been taken as the prime objective of ilic cxpcn system. A 
broader area of concem, iltc arena. corresiX)nds lo the zone of 
proximity within which another vessel or object should be 
evaluated as a potential hazard, and appropriate avoidance 
action initiated if ncccssao-.'^Collcy.'^ refined such considera-
tions to a lime-based criterion, the Rangc-to-Domain/Rangc-
Rate (RDRR): this represents the expecicd lime to domain in-
fringement, calculated from current velocities. A ship's masicr 
applying a 12 min RDRR. for example (based on his experi-
ence of his vessel) would evaluate a potential encounter 12 min 
before domain infringement, and implement appropriate ac-
tion at that time. 
Results from an early version of the system, using the RDRR 
concept, indicate that such a fixed 'decision scheduler' is not 
appropriate to every encounter siiuaiion. A fiex iblc time factor. 
matching decision time to interval needed for a safe ma-
noeuvre, ensures adequate, but not excessive, manoeuvring 
time. This Predeiermined Safe ManocuvTing Time (PSMT) is 
found by simulating any projected encounter well in advance 
for increasing RDRR values (starting from some fixed mini-
mum, eg 10 min). until .safe clearance is achieved. Tlic simu-
lation exercise is an integral element of the decision logic, 
corresponding to a human appraisal of whether or not a 
situation needs particularly early remedial action. Figure 2 
shows the principle of ilie look-ahead simulation used within 
the expert system to select an appropriate R DRR. ic iJic PS MT. 
for any encounter. A fixed minimum RDRR is used rather Uian 
a frce-Hoating J ust In Time (J IT) su-aicgy. since action m usi be 
taken in good time so as not to panic masters of other ships inu) 
emergency action. This look-ahead technique is currenily 
being extended to evaluate various options in lenns of an 
overall cost function of speed loss, time delay, fuel usage -
subjeci 10 an overriding safety consuainu 
The rule suiicture is designed to: 
1. Note the presence of a i>oiential iiazard. assess iJic tlucai 
in terms of cxpecied time to domain violation (if appli-
cable) and derive the PSMT for avoidance action: 
2. At PSMT: identify the tyix; of encounter; fix ilie status of 
own-ship and perceived status of hazard ship (give-way 
or stand-on) at tJiis time in the encounter; once decided, 
status is maintained throughout ihc encounter, unless 
circumstances change - the regulations rule out changes 
in status due solely to chances in relative positions 
through avoidance manoeuvres: 
3. Negotiate the stages of ilie encounter, with appropriate 
safety margins: reactions to adverse action by hazard 
ship, including emergency manoeuvring, are cuncnily 
being added lo the rule base - hence tlie "hazard control" 
test facility shown in Fig 1. 
The structure is based on a binar\' tree, but with considera-
bly more fiexibility in nodal links to left and right sulvtrecs. 
Extension of the rule base is achieved by creating ihc relevant 
new nodes and rescuing the necessary* links lo insert t)icm ai 
appropriate points in the siruciure. It is envisaged that a utiiiiy 
program wil l ultimately be provided lo simplify this task. 
Figure 3 shows a schematic of this structure, iiiusuatrng pan 
of the initial rule ba.se: dotted lines indicate deferred steps. 
The inference enfjine 
The inference engine operates on a discrete lime-interval of 
20s. At each step the inference engine w i l l : 
1. take dynamic information via communication channels 
from radar and own-ship sensors (or simulators). From 
IMariiim^ CommufitcatlOns a/ui Control 
these parameters (speed, course, position) it wil l gener-
ate secondary data; relative be:iring. relative velocity 
components, etc, for use in rule evaluation; 
2. apply the appropriate rule to these data, to asccnain ihe 
new siiuaiion. Each rule involves a test on these sysiem 
variables, and may entail evaluation of further functions 
of diese variables; such functions form pan of dial rule. 
3. iriggerdisplay and control/simulator outputs in response 
to any change in status; invokcany new rules indicated by 
such a change, until a 'defer* flag is reached, inhibiting 
any further action on die rule base until ihe next lime-
stcp. 
A customised expert sysicm shell, developed initially on an 
Atari ST microcompuicr. has recently been transferred to an 
Acorn Archimedes Reduced In.stniciion Sei Computer (RISC) 
sysiem. Software development has l>ecn completely in the 
language C. for a number of rca.sons: 
1. eonstrainLS of real-time processing dictate die need for 
opumum efficiency, in terms of .six^d, compatible with 
the complexiucs of program structure required for such a 
rule-based system; 
2. many of the rules arc expressed in icmis of trigonometri-
cal considerations, giving a substantial bias towards 
mathematical calculauon. thus favouring a language 
which deals efficienUy widi such needs: 
3. C is the native language of most WIMPS environments, 
providing access lo faciliues at all levels; 
4. entities of various types: rules, ships, encounters (noi to 
menuon v. indows. icons etc within the WIMP sysiem). 
may all be handled very effectively as 'structures' in C. 
Earlier intentions of using an object-oriented froni-end to 
this system have been .set aside, since this versatile C data 
i>'pc meets all perceived needs (particularly under liie 
new ANSI standard) without the overheads of other, 
object-oriented or declarative languages. 
Both computers were chosen on the basis of processing 
power at relatively low cost, good WIMPS and graphics 
faciliues. and capability for a variety of input/ouipui options, 
both digital and analog. A decision to u-ansfcr to ihe Acom 
RISC machine was based on the need for compaubility with 
odier ship management functions currcndy underdevelopment 
by the Ship Control Group at Plymoudi. as well as its superi-
ority on a number of fronts. The RISC_OS multitasking envi-
ronment, coupied to versatile InputyOutput handling, is well 
suited to a planned integrated system. 
D E V E L O P M E N T E N V I R O N M E N T 
The system is designed to operate in any of direc modes, iwo 
being simulator trials, the third real data: 
1. a scmi-inLclligeni hazard vessel (guided by a simpliHcd 
expcn system, widi manual option) and a dumbown-ship 
controlled by die current system, are bodi simulated as 
additional tusks under die multitasking RISC.OS, on the 
same computer as the ex pen system. Software communi-
cation channels between the ia<;ks simulate radar data to 
and from hazard vessel, and scnsor/conirol information 
between own-ship and expen system; 
2. hazard and own-ship are simulated as above, but in 
separate computers from the expen system. Communica-
tions are via serial and parallel links respccuvely; 
3. inpuis via serial and parallel pons, as in (2). arc from 
genuine ARPA and sensors aboard own-ship, ie a re-
search vessel with thccomputer sysicm on board. Conu-ol 
outputs are available for u.se with the automatic guidance 
system already in operauon. 
CONCLUSIONS 
Tliorough investigation and development of ship models has 
Ix^n incorporated into cuneni development of a collision 
avoid:incc sysicm. The ergonomics of the system have al.so 
bcncfitied from applicaiion of die laicsi Man-Machine Inter-
face ( M M I ) techniques. Tlie inu^oduciion inio die decision 
logic of a look-ahead simulation module has resolved die 
question of a safe manoeuvring time, and paved the way for 
identification of opiimal manoeuvres. Not least, iheevoluiion 
of a louilly modular structure provides for simple modification 
or extension of any aspect of die system: ship niodel(s); rules; 
communicaiions and conuol: and user options. 
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I n t r o d u c t i o n 
t h e m a i n , a n y r e a l - w o r l d s i t u a t i o n may be 
s i d e r c d , f o r t h e p u r p o s e s o f s i m u l a t i o n , as 
h e r a s c r i e s o f d i s c r e t e e v e n t s o r a c o n t -
o u s p r o c e s s . A m i n o r i t y o f u n d e r t a k i n g s may 
v i e w e d as a s e q u e n c e o f d i s c r e t e s u b -
c e s s e s , e a c h t a k i n g e i t h e r o f t h e a b o v e 
ms - i n e x t r e m i s , t h i s d e s c r i p t i o n may be 
l i e d r e c u r s i v e l y . 
t a s k o f m a r i n e c o l l i s i o n a v o i d a n c e c a n n o t 
f i t t e d n e a t l y i n t o a n y s u c h o u t l i n e . A t one 
e l , a m a r i t i m e v o y a g e may be v i e w e d a s a 
u e n c e o f e n c o u n t e r s w i t h o t h e r i n d i v i d u a l 
s e l s ; a t a n o t h e r , a s a p r o g r e s s i o n o f 
o e u v r e s t o a v o i d p o t e n t i a l c o l l i s i o n s o r 
r - m i s s e s . O f t e n c h o r e i s a d i r e c t o n e - o n e 
r e s p o n d c n c e b e t w e e n t h e s e t w o t y p e s o f 
n t s ; s o m c L i c i e s t h e r e i s n o t , a s o n e 
o e u v r e may t a k e a c c o u n t o f t w o o r m o r e 
c n t i a l h a z a r d s . More s i g n i f i c a n t l y , t h i s 
t i n c t i o n i s n o t c l e a r - c u t , a s o n e c a p t a i n ' s 
I t i p l e e n c o u n t e r ' may be a n o t h e r ' s ' s e r i e s 
e n c o u n t e r s * , w i t h a v o i d a n c e s t r a t e g i e s 
e c t e d a c c o r d i n g l y . L i k e w i s e a c a r e f u l l y -
n n e d a v o i d a n c e m a n o e u v r e may be m o d i f i e d a t 
a t e s t a g e by o n e m a s t e r t o t a k e a c c o u n t o f 
new a r r i v a l on t h e s c e n e ; a n o t h e r may 
p l e t e a c c o r d i n g t o p l a n b e f o r e c o m m e n c i n g 
r o p r i a t e a c t i o n t o d e a l w i t h t h e new 
a r d . I n d i v i d u a l o u t l o o k , c o u p l e d w i t h 
c u m s t a n c c s , t o g e t h e r d e f i n e t h e b o u n d a r i e s 
ween s u c c e s s i v e e v e n t s a n d t h e l e v e l o f 
i p l e x i t y a c c e p t a b l e i n a s i n g l e e v e n t . 
a u t h o r s a r e c o n c e r n e d w i t h d e v e l o p m e n t o f 
o n - b o a r d c o m p u t e r - b a s e d e x p e r t s y s t e m ( E S ) 
m a r i n e c o l l i s i o n a v o i d a n c e . P r e v i o u s 
e r s [ 1 , 2 1 h a v e c o n s i d e r e d d i s c r e t e t w o - s h i p 
o u n t e r s : t y p e s o f m a n o e u v r e s , s a f e m a n o c u v -
g t i m e s . s i m u l a t i o n e n v i r o n m e n t s . R e c e n t 
k h a s f o c u s e d on t h e o n g o i n g n a t u r e o f t h e 
k. w i t h r e g a r d b o t h t o t e s t e n v i r o n m e n t a n d 
i m a l d e c i s i o n - m a k i n g ( t h e n a t u r e o f t h e 
p l a y f o r m a t h a s a l s o b e e n g i v e n s e r i o u s 
s i d e r a t i o n - see s e c t i o n 3 ) . U n d e r t h e new 
i m e , t h e r u l e b a s e w i l l g e n e r a t e a n o p t i m a l 
a t e g y t o e n c o m p a s s a l l h a z a r d s h i p s i n t h e 
i n i t y . s e p a r a t i n g o r g r o u p i n g t h e m as 
• r o p r i a t e f o r m a n o e u v r i n g p u r p o s e s . H a z a r d s 
e n t e r o r l e a v e t h e o p e r a t i o n a l a r e a a t 
e g u l a r i n t e r v a l s , any new a r r i v a l r e s u l t i n g 
a r e v i e w o f p l a n n e d a c t i o n . C o m p a r i s o n o f 
e r n a t i v e s t r a t e g i e s i s b a s e d on a m u 1 t i -
i a t e c o s t f u n c t i o n , t a k i n g a c c o u n t o f s u c h 
t o r s as f u e l u s a g e , s p e e d l o s s , t i m e d e l a y , 
j e c t t o an o v e r r i d i n g s a f e t y c o n s t r a i n t ; 
g h t i n g s o f c o s t f a c t o r s may be a d j u s t e d 
o r d i n g t o p r i o r i t i e s f o r a p a r t i c u l a r 
a g e . 
T h e d e v e l o p m e n t s y s t e m a c c o m o d a t e s a v a r i a b l e 
n u m b e r o f h a z a r d s . An a d d i t i o n a l h a z a r d may be 
a c t i v a t e d a t a n y t i m e , p r e f e r a b l y o u t s i d e t h e 
r a d a r r a n g e o f o w n - s h i p so a s t o become 
e f f e c t i v e o n e n t e r i n g t h a t r a n g e . A h a z a r d i s 
d e - a c t i v a t e d a u t o m a t i c a l l y i f i t i s m o v i n g 
a w a y f r o m o w n - s h i p , o u t s i d e Che r a d a r r a n g e . 
T h e s y s t e m i s b a s e d on t h e o v e r a l l p h i l o s o p h y 
t h a t t h e m o s t i m m e d i a t e t h r e a t i s p l a n n e d f o r 
i n t h e m o s t d e t a i l ; l e s s u r g e n t h a z a r d s a r e 
i n c o r p o r a t e d i n t o t h e s t r a t e g y p l a n n i n g a t a 
l o w e r l e v e l o f d e f i n i t i o n , p l a n s ' f i r m i n g u p ' 
a s e a c h i n t u r n comes t o t h e f o r e . T h i s w o u l d 
s e em t o m i r r o r t h e human s i t u a t i o n , w h e r e a 
s h i p ' s m a s t e r w i l l d e a l w i t h t h e m o s t p r e s s i n g 
t h r e a t w h i l s t t a k i n g i n t o a c c o u n t a n y f u t u r e 
n e e d s t o n e g o t i a t e o t h e r i m p e n d i n g h a z a r d s . 
2. T h e C o l l i s i o n A v o i d a n c e T a s k 
The t a s k o f m a r i n e c o l l i s i o n a v o i d a n c e i s . i n 
t h e f i r s t i n s t a n c e . e n c o m p a s s e d by t h e 
I n t e r n a t i o n a l R e g u l a t i o n s f o r A v o i d i n g 
C o l l i s i o n s a t Sea ( 3 ) . T h e s e r e g u l a t i o n s c i t e 
s p e c i f i c r u l e s t o c o v e r s p e c i f i c t y p e s o f 
e n c o u n t e r s i t u a t i o n s a t s e a . S u c h s i t u a t i o n s 
d i v i d e b r o a d l y i n t o t h r e e c a t e g o r i e s : 
( 1 ) 
( 2 ) 
( 3 ) 
h e a d - o n ; 
c r o s s i n g ; 
o v e r t a k i n g 
T h e n a t u r e o f t h e e n c o u n t e r i s i d e n t i f i e d by 
t h e p o s i t i o n o f one v e s s e l w i t h r e s p e c t t o 
a n o t h e r , v i s - a - v i s t h e n a v i g a t i o n l i g h t s o f 
e a c h v e s s e l - T h e s e n a v i g a t i o n l i g h t s c o v e r 
t h r e e s e p a r a t e s e c t o r s a r o u n d 
s h o w n i n f i g u r e 1. F i g u r e 2 
v a r i e t y o f e n c o u n t e r s i t u a t i o n s , 
t h e l i g h t s . 
a v e s s e l , a s 
i 1 l u s t r a t c s a 
as d e f i n e d by 
P o r t ( r e d ) 
1 1 2 . 5 d e g r e e s 
R e a r ( w h i t e ) 
1 3 5 d e g r e e s 
S c a r b o a r d ( g r e e n ) 
1 1 2 . 5 d e g r e e s 
F i R u r e 1 . S e c t o r s s u b t e n d e d 
n a v i g a t i o n l i g h t s 
b y a s h i p ' s 
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C r o s s i n g f r o m 
P o r t S i d e 
O v e r t a k i n g o n 
P o r t Q u a r t e r 
li c a d - o n 
C r o s s i n g f r o m 
S t a r b o a r d S i d e 1 
F i p u r e 2. T y p e s o f s h i p e n c o u n t e r s 
The r e g u l a t i o n s a r e a d h e r e d t o by e v e r y 
r e s p o n s i b l e m a r i n e r , a n d h a v e t h e f o r c e o f l a w 
i n m o s t c o u n t r i e s . H o w e v e r , t h e y a r e n o t 
t o t a l l y d e f i n i t i v e i n t e r m s o f d e c i s i o n s a n d 
a c t i o n s , a n d i n many c a s e s m u s t be i n t e r p r e t e d 
by m a r i n e r s i n t h e l i g h t o f e x p e r i e n c e a n d 
d i s c r e t i o n . F o r e x a m p l e , t h e m a s t e r o f a 
v e s s e l on a c o 1 1 i s i o n / n e a r - m i s s c o u r s e i s 
e x p e c t e d t o l a k e a c t i o n ' i n g o o d t i m e ' t o 
a v e r t d i s a s t e r ; t h i s may be i n t e r p r e t e d a s 
a n y t h i n g f r o m 10 t o 30 m i n u t e s b e f o r e c l o s e s t 
p o i n t o f a p p r o a c h ( C P A ) . L i k e w i s e , a v e s s e l 
m a n o e u v r i n g t o a v o i d a n o t h e r s h o u l d i n d i c a t e 
i t s i n t e n t i o n by m a k i n g a ' c l e a r t u r n ' ( 1 0 - 3 0 
d e g r e e s ) , a n d m a i n t a i n i n g a ' s a f e d i s t a n c e ' 
f r o m t h e o t h e r v e s s e l ( h o w l o n g i s a p i e c e 
s t r i n g ? ? ) . 
o f 
Such f l e x i b i l i t y ( o r v a g u e n e s s ) l e a d s t o 
d i f f e r i n g r e s p o n s e s by d i f f e r e n t m a s t e r s , o r 
e v e n by t h e same m a s t e r u n d e r d i f f e r e n t 
c i r c u m s t a n c e s : a ' s a f e d i s t a n c e ' w h e n c a r r y i n g 
a c a r g o o f t r a c t o r p a r t s may n o t be q u i t e s o 
s a f e w i t h a h o l d f u l l o f v o l a t i l e c h e m i c a l s ; 
t h e l u x u r y o f a 20 d e g r e e ' c l e a r t , u r n ' i n t h e 
o p e n s e a may n o t be s o p r a c t i c a l ( o r n e c e s s a r y 
t o make t h e p o i n t ) i n a c r o w d e d s e a w a y s u c h as 
t h e D o v e r S t r a i t . C l e a r l y d e c i s i o n s o n s u c h 
f a c t o r s as t i m e t o t a k e a v o i d i n g a c t i o n d e p e n d 
c r u c i a l l y o n t h e p e r f o r m a n c e c h a r a c t e r i s t i c s 
o f t h e v e s s e l c o n c e r n e d : a c r o s s - c h a n n e 1 f e r r y 
h a s a s u b s t a n t i a l l y f a s t e r r e s p o n s e . a n d 
r a t h e r s m a l l e r t u r n i n g c i r c l e t h a n ( f o r 
e x a m p l e ) a V e r y L a r g e C r u d e C a r r i e r ( V L C C ) . 
T h e s e d i f f e r e n c e s i n i n t e r p r e t a t i o n may p r o v e 
s i g n i f i c a n t i n p a r t i c u l a r s i t u a t i o n s , s i n c e i t 
i s p o s s i b l e f o r t h e n a t u r e o f an e n c o u n t e r t o 
c h a n g e w i t h t i m e , g i v i n g l a t i t u d e f o r m a s t e r s 
o f t h e v e s s e l s i n c o n t e n t i o n t o i n t e r p r e t t h e 
same s i t u a t i o n i n t w o d i f f e r e n t w a y s . F o r 
e x a m p l e , f i g u r e 3 i l l u s t r a t e s a s i t u a t i o n 
w h i c h , e v a l u a t e d 20 m i n u t e s b e f o r e CPA w o u l d 
be s e e n as an o v e r t a k i n g e n c o u n t e r ; 10 m i n u t e s 
b e f o r e CPA i t w o u l d be r e c o g n i s e d a s a 
c r o s s i n g e n c o u n t e r . A c c o r d i n g t o t h e 
r e g u l a t i o n s . r e s p o n s i b i l i t y f o r a v o i d a n c e 
w o u l d r e s t w i c h e i t h e r o n e v e s s e l o r t h e 
o t h e r . d e p e n d i n g o n t h e i n t e r p r e t a t i o n 
a p p l i e d . T h e r e g u l a t i o n s a l s o d i r e c t t h a t , 
o n c e e v a l u a t e d . t h e n a t u r e o f a s i t u a t i o n 
s h o u l d be r e g a r d e d a s i n v a r i a n t f o r 
m a n o e u v r i n g p u r p o s e s ( e v e n i f a c h a n g e d 
s c e n a r i o e v o l v e s . a s i n f i g - 3 ) : h e n c e t w o 
m a s t e r s c o u l d e a c h deem t h e o t h e r r e s p o n s i b l e 
f o r a v o i d i n g , l e a d i n g t o t h e n e c e s s i t y f o r 
e m e r g e n c y m a n o e u v r i n g a t a l a t e s t a g e . 
S h i p s n o j ^ t o s c a l e 
( a ) H a z a r d 20 m i n 
b e f o r e CPA 
0 
F i g u r e 3 
( b ) H a z a r d 10 rain 
b e f o r e CPA 
E n c o u n t e r s i t u a t i o n c h a n g i n g f r o m 
h a z a r d o v e r t a k i n g ( h a z a r d g i v e - w a y ) 
t o c r o s s i n g ( o w n - s h i p g i v e - w a y ) . 
T h e r e g u l a t i o n s a l s o a l l o w f o r an e a r l y c o u r s e 
c h a n g e , n o t s u b j e c t t o f i x e d p r o t o c o l s , i f a 
d e c i s i o n t o m a n o e u v r e i s made w e l l b e f o r e a n y 
a n t i c i p a t e d i n c i d e n t . T h i s ' w e l l b e f o r e * c a n 
l i k e w i s e be v e r y l o o s e l y i n t e r p r e t e d , l e a d i n g 
t o n o n - s t a n d a r d m a n o e u v r e s f a i r l y l a t e o n i n 
a n e n c o u n t e r . F i g u r e ^ i l l u s t r a t e s t h e c l a s s i c 
' r a d a r - a s s i s t e d c o l l i s i o n ' , i n w h i c h m a s t e r V, 
h a s c h o s e n a ' c o u r s e c h a n g e ' t o p o r t ( b e i n g 
s o m e w h a t t o p o r t o f t h e o t h e r v e s s e l ' s t r a c k ) 
a s o p p o s e d t o t h e r e g u l a t i o n ' a v o i d a n c e 
m a n o e u v r e * t o s t a r b o a r d . T h e c o m b i n a t i o n i s a 
r e c i p e f o r d i s a s t e r , i l l u s t r a t i n g t h e n e e d f o r 
c l e a r a d h e r e n c e t o w e l l - d e f i n e d r u l e s . I t h a s 
e v e n b e e n o b s e r v e d t h a t some m a r i n e r s w i l l 
f e e l f r e e t o make an u n r e s t r i c t e d ' c o u r s e 
c h a n g e ' no m a t t e r how l a t e o n , i f t h e v e s s e l s 
a r e n o t a c t u a l l y o n a d i r e c t c o l l i s i o n c o u r s e 
t h u s i n some c a s e s c o n v e r t i n g a n e a r - m i s s 
i n t o a d i s a s t e r . 
- E3^ 
S h i p A 
S h i p B 
F i Ru r e ^ S h i p 
S h i p 
Head 
A: r e g u l a t i o n t u r n t o s i a r b o a i 
B: " c o u r s e c h a n g e ' t o p o r t 
on nea.'--miss b e c o m e s c o l l i s i o n 
P r e v i o u s r e s e a r c h \L\ h a s i d e n t i f i e d t h e m a j o r 
v a r i a n t s o f t h e t h r e e s t a n d a r d e n c o u n t e r 
s i t u a t i o n s , and t h e s t r a t e g i e s e m p l o y e d by 
m a r i n e r s i n t h o s e s i t u a t i o n s . T h e s e s t r a t e g i e s 
h a v e b e e n f o r m a l i s e d i n t o a s e t o f ' r u l e s ' 
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w h i c h f o r m t h o b a s i s o f an I n t e l l i g o n c 
K n o v l c d g e - B a s c d S y s t e m ( I K B S ) f o r m a r i n e 
c o l l i s i o n a v o i d a n c e [ 5 ) . C r i t e r i a r e l a t i n g t o 
t i m e f o r a c t i o n , s a f e c l e a r a n c e s a n d 
a d e q u a t e t u r n s a r c s y s t e m p a r a m e t e r s p r o v i d e d 
by t h e u s e r . a c c o r d i n g t o t a s t e a n d 
c i r c u m s t a n c e . The k n o w l e d g e b a s e f o r t h e 
s y s t e m c o m p r i s e s a c o m b i n a t i o n o f : 
( 1 ) 
( 2 ) 
' s t a t i c I n f o r m a t i o n ' , s u c h a s t h a t a b o v e 
p l u s l e n g t h , d r a u g h t a n d p e r f o r m a n c e 
c h a r a c t e r i s t i c s o f t h e v e s s e l ; 
' d y n a m i c i n f o r m a t i o n ' s u c h as c u r r e n t 
s p e e d a n d c o u r s e o f o w n - s h i p p l u s r a d a r 
d a t a on a n y p o t e n t i a l h a z a r d s i n t h e 
v i c i n i t y ; a n t i c i p a t e d f u t u r e d e v e l o p m e n t s 
i n c l u d e i n p u t o f s a t e l l i t e p o s i t i o n -
f i x i n g d a t a a n d i n f o r m a t i o n o n f i x e d 
n a v i g a t i o n a l h a z a r d s f r o m e l e c t r o n i c 
i n f o r m a t i o n s y s t e m s c h a r t 
( E C D I S ) 
d i g i t a l 
3. The E x p e r t S y s t e m 
The s y s t e m 
r e g u l a t i o n s 
p r a c t i c e 
f u n c t i o n i n g 
f u n d a m e n t a l 
a s h i p : t h e 
i s b u i l t o n t h e a n t i - c o M i s i on 
f i l l e d o u t by o b s e r v e d g o o d 
among m a r i n e r s . S u c c e s s f u l 
o f t h e s y s t e m d e p e n d s on LWO 
c o n c e p t s r e l a t i n g t o z o n e s a r o u n d 
d o m a i n a n d t h e a r e n a . 
T h e d oma i n 
t h e m a s t e r 
p o t e n t i a l 
f i e l d 
i s t h a t 
wou I d 
h a z a r d s 
i d e n t i f i e d 
a r e a a r o u n d o w n - s h i p w h i c h 
w i s h t o k e e p f r e e o f a n y 
E a r l y r e s e a r c h i n - t h i s 
t h e d o m a i n a s d i s p a r a t e 
o r a l t e r n a t i v e l y a c i r c l e c i r c l e s e c t o r s [ 6 1 
w i t h o w n - s h i p o f f - c e n t r e [ 7 ] , r e f l e c t i n g : 
t h e n e e d f o r more s e a r o o m t o s t a r b o a r d 
( t h e n o r m a l m a n o e u v r i n g s i d e ) ; a n d 
c o m p a r a t i v e l y l e s s r i s k f r o m h a z a r d s t o 
t h e r e a r ( c l o s i n g s p e e d s b e i n g g e n e r a l l y 
l e s s f r o m b e h i n d ) . 
( a ) 
F o r t h e p u r p o s e s o f t h i s s y s t e m , a c i r c l e 
c e n t : r c d on o w n - s h i p p r o v i d e s a n a d e q u a t e m o d e l 
f o r t h e d o m a i n ; t h e d o m a i n r a d i u s , s e l e c t e d by 
t h e o p c r o t o r , i s o f c o u r s e t h e r e p r e s e n t a t i o n 
o f t h e ' c l e a r d i s t a n c e ' r e q u i r e d by t h e 
r e g u l a t i o n s t o be k e p t f r o m o t h e r v e s s e l s . 
The a r e n a i s t h a t b o u n d a r y a r o u n d o w n - s h i p 
w i t h i n w h i c h any h a z a r d s h o u l d be e v a l u a t e d as 
a p o t e n t i a l t h r e a t , a n d a v o i d i n g a c t i o n 
i n i t i a t e d i f a p p r o p r i a t e I ? ] . T h i s a p p r a i s a l 
o f a ' t h r e a t b o u n d a r y ' h a s b e e n f o u n d t o be 
o v e r - s i m p l i s t i c , a s i t t a k e s no a c c o u n t o f 
d i f f e r e n t c l o s i n g r a t e s by v a r i o u s h a z a r d s . A 
b e t t e r d i s c r i m i n a t o r i s a t i m e - b a s e d b o u n d a r y , 
t r i g g e r e d by t i m e t o d o m a i n i n f r i n g e m e n t [ ^ 1 . 
T h i s RDRR ( R a n g e - t o - D o m a i n / R a n g o - R a t e ) a c t s as 
f o l l o w s : i f a 1 0 - m i n u t e RDRR i s a c t i v e ( f o r 
e x a m p l e ) , a s h i p w i t h a c l o s i n g s p e e d o f 12 
k n o t s w o u l d coQe w i t h i n t h i s 1 0 - m i n u t e 
t h r e s h o l d a t a d i s t a n c e o f 2 n a u t i c a l m i l e s 
f r o m o w n - s h i p ' s d o m a i n b o u n d a r y : a v e s s e l 
c l o s i n g a t 6 k n o t s w o u l d c r o s s t h e RDRR 
t h r e s h o l d o n l y 1 n a u t i c a l m i l e f r o m o w n - s h i p ' s 
doma i n . 
The RDRR c r i t e r i o n h a s i t s e l f b e e n f o u n d t o 
h a v e l i m i t a t i o n s . s i n c e e v e r y e n c o u n t e r 
s i t u a t i o n i s u n i q u e i n t e r m s o f j u x t a p o s i t i o n s 
a n d r e l a t i v e v e l o c i t i e s o f v e s s e l s i n v o l v e d . 
S e c t i o n ^ d e a l s w i t h t h e p r o v i s i o n o f a l o o k -
a h e a d f o c i l i t y w h i c h o p t i c s i s e s s e l e c t i o n o f 
Che a p p r o p r i a t e RDRR f o r a p a r t i c u l a r 
e n c o u n t e r . 
T h e e x p e r t s y s t e m ( E S ) c o n s i s t s o f an 
i n f e r e n c c e n g i n e , o r l o g i c a l f r a m e w o r k , 
a p p l i e d CO a r u l e b a s e c o n s i s t i n g o f 
d i r e c t i v e s o n p r c f e r r e d / a 1 1 e r n a t i v o a c t i o n s a t 
v a r i o u s s t a g e s o f d i f f e r e n t t y p e s o f 
e n c o u n t e r . The r u l e s a r e s t r u c t u r e d i n t o a 
h i g h l y f l e x i b l e s e a t e t a b l e , i d e n t i f y i n g 
d i f f e r e n t s e q u e n c e s o f o a n o e u v r i n g s t a g e s 
a p p r o p r i a t e t o d i f f e r e n t e n c o u n t e r t y p e s ; more 
c o m p l e x m a n o e u v r e s , i n c l u d i n g v a r i o u s 
e m e r g e n c y o p t i o n s , may be a d d e d t o t h e r u l e s 
by s i m p l y e x t e n d i n g t h e ' b i n a r y t r e e ' d a t a 
s t r u c t u r e w h i c h h o l d s t h e m . T h e r u l e s f u n c t i o n 
by r e f e r e n c e t o t h e k n o w l e d g e b a s e r e f e r r e d t o 
p r e v i o u s l y . E a c h r u l e i n c o r p o r a t e s a d e c i s i o n 
f u n c t i o n , u s u a l l y i n v o l v i n g e x t e n s i v e 
t r i g o n o m e t r i c a l c a l c u l a c i o n s b a s e d o n v e l o c i t y 
a n d d i s p l a c e m e n t v e c t o r s , p l u s p o s s i b l y 
i n t e r s e c t i o n s o f t u r n i n g a r c s a n d d o m o i n s . The 
ES o p e r a t e s on a 2 0 - s c c o n d t i m e i n t e r v a l , 
e v a l u a t i n g t h e c u r r e n t s c e n a r i o a t e a c h s t e p 
a n d a d v i s i n g o n p r e f e r r e d a c t i o n . 
T h e u s e r i n t e r f a c e i s b a s e d o n a W i n d o w s -
I c o n s-Mou s e - P o i n t e r S y s t e m ( W I M P S ) e n v i r o n -
m e n t , t h e o u t p u t d i s p l a y c o m p r i s i n g t h r e e 
w i n d o w s : 
( 1 ) 
( 2 ) 
( 3 ) 
a g r a p h i c s w i n d o w s h o w i n g t r r t c k s o f own-
s h i p a n d a n y r e l e v a n t h a z a r d s i n t h e 
v i c i n i t y . i n d i f f e r e n t c o l o u r s ; 
s e q u e n t i a 1 1 y - n u m b e r e d o a r k e r s a r e u s e d on 
e a c h t r a c k t o s h o w c o r r e s p o n d i n g 
p o s i t i o n s i n t i m e ; 
a t e x t w i n d o w g i v i n g ( o n r e q u e s t ) a 
s u m m a r y o f c i r c u m s t a n c e s a n d r e c o m m e n d -
a t i o n s t o d a t e , c r o s s - r e f e r e n c e d by 
s e q u e n t i a l l e t t e r i n g t o p o i n t s o n own-
s h i p ' s t r a c k i n t h e g r a p h i c s w i n d o w ; 
a n o p t i o n a l ' s t a t u s ' w i n d o w , 
c u r r e n t i n f o r m a t i o n o n s p e e d 
o f o w n - s h i p , p e r c e i v e d 
o f m o s t t h r e a t e n i n g 
s e p a r a t i o n a n d t i m e t o 
m e n t . a n d p r e s e n t 
( * c l e a r ' . ' r e a d y ' o r 
m a n o e u v r e ) . 
d i s p l a y i n g 
a n d c o u r s e 
s p e e d a n d c o u r s e 
h a z a r d v e s s e l , 
doma i n i n f r i n g e -
e n c o u n t e r s t a t e 
s t a g e o f c u r r e n t 
W i n d o w ( 1 ) i n c o r p o r a t e s a ' p o p - u p ' menu w h i c h 
p e r m i t s : s e l e c t i o n o f l a r g e / s m a l l s c a l e ; 1 -
m i l e g r i d o n / o f f ( s u p e r i m p o s e d o n d i s p l a y ) ; 
p r o v i s i o n / u pd a t e o f r e v i e w - i n f o r m a t i o n i n 
w i n d o w ( 2 ) . The c o n t e n t s o f w i n d o w ( 2 ) a r e 
i n i t i a l l y l i m i t e d t o b r i e f s t a t e m e n t s o f f a c t 
a n d a d v i c e : t h i s w i n d o w may bo e x p a n d e d t o 
f u l l s c r e e n w i d t h ( c o v e r i n g - i n d o w ( I ) ) t o 
a l l o w f u l l e r d e t a i l t o be g i v e n on e a c h s t a g e . 
M u ch c o n s i d e r a t i o n h a s b e e n g i v e n t o t h o b e s t 
f o r m a t f o r t h e g r a p h i c s w i n d o w , i n t e r m s o f 
t h e p o s i t i o n a n d m o t i o n o f o w n - s h i p w i t h i n 
t h i s w i n d o w : s h o u l d t h e d i s p l a y be H c o d - u p o r 
K o r t h - u p ; s h o u l d o w n - s h i p be s t a t i c a t t h e 
c e n t r e a n d r e l a t i v e m o t i o n o f a l l o t h e r 
o b j e c t s s h o w n ? C l e a r l y , H e a d - u p d i s p l a y 
i m p l i e s a r o t a t i o n a l t r a n s f o r m a t i o n o f oW 
o t h e r g r a p h i c a l d a t a a s o w n - s h i p e x e c u t e s a 
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a n d v e r t i c a l l y ) 
i n t a c t , g i v i n g 
d i s o r i e n t a t i o n . 
u r n . The q u e s t i o n o f d i s o r i e n t a t i o n r e q u i r e s 
: a r c f u l c o n s i d e r a t i o n , b a l o n c i n g o b j e c t i v e / 
s u b j e c t i v e v i e w p o i n t s a g a i n s t ( f o r e x a m p l e ) 
l i s t o r t i o n o f t r u e s h i p c r a c k s by a d i s p l a y o f 
• e l a t i v e m o t i o n . P o s s i b l y t h e m o s t s i g n i f i c a n t 
' a c t o r i s t h e o n g o i n g n a t u r e o f t h e t a s k ; 
j i m p l e c o n t i n u o u s p l o t t i n g o f s h i p t r a c k s i n 
i b s o l u t c m o t i o n w i l l q u i c k l y l e a d t o o w n - s h i p 
) c i n g ' l o s t ' o f f Che e d g e o f t h e d i s p l a y . 
The s o l u t i o n p r o p o s e d , a n d i n t h e p r o c e s s o f 
L o p l e m e n t a t i o n , i s Che p l o t t i n g o f a b s o l u t e 
s h i p t r a c k s ( s h o w i n g t r u e m o t i o n ) u s i n g a 
i ' a r i a n t o f t h e ' r o l l i n g r o a d ' p r i n c i p l e : a 
b o u n d a r y ( n o t d i s p l a y e d ) i s f i x e d 25% o f t h e 
day i n f r o m e a c h e d g e o f t h e w i n d o w ( s e c 
f i g u r e 5 ) ; a s o w n - s h i p r e a c h e s t h i s b o u n d a r y , 
t h e w h o l e d i s p l a y i s r e l o c a t e d b a c k t o a 
p o s i t i o n s u c h c h a t o w n - s h i p i s a t t h e c e n t r e 
o f Che d i s p l a y . I n t h i s way. a t l e a s t t h e 50Z 
o f t h e d i s p l a y a r o u n d o w n - s h i p ( h o r i z o n t a l l y 
a t a n y t i m e i s m a i n t a i n e d 
c o n t i n u i t y a n d m i n i m i s i n g 
I t i s a c c e p t e d C h a t p e r i o d i c 
' j u m p s ' i n t h e d i s p l a y may r e q u i r e a d e g r e e o f 
' a c c l i m a t i s a t i o n * , b u t t h i s i s c o n s i d e r e d o f 
m i n o r s i g n i f i c a n c e by c o m p a r i s o n w i t h e i t h e r 
o f Che t w o a l t e r n a t i v e s : r e l a t i v e m o t i o n g i v e s 
a d i s t o r t e d v i e w o f m a n o e u v r e s , l e a d i n g t o a 
t o t a l l y f a l s e a p p r a i s a l o f a n y s i t u a t i o n ; f u l l 
w i n d o w w r a p a r o u n d ( o f f t h e s i d e - b a c k on t h e 
o t h e r s i d e , o f f t h e cop - b a c k on t h e b o t t o m , 
a n d v i c e v e r s a ) c o u l d be e x t r e m e l y u n t i d y 
w i t h o u t b e i n g v e r y h e l p f u l . 
The r e v i e w t e x t m a r k s a d e p a r t u r e f r o m 
c o n v e n t i o n a l e x p e r t s y s t e m s c e c h n o l o g y , i n 
c h a t t h e o b s e r v a t i o n s a n d a d v i c e g i v e n a r e 
t i m e - c o n s t r a i n e d . The l o g i c a l a n a l y s i s o f 
' t h i s i s so a n d t h a t i s s o , t h e r e f o r e t h e 
f o l l o w i n g i s t r u e ' p r o v i d e s an i n a d e q u a t e 
m o d e l f o r s u c h c i m c - b a s c d d e c i s i o n p r o c e s s e s . 
The c o r r e s p o n d i n g l o g i c p a t t e r n i s o f t h e f o r m 
' t h i s was so t h r e e m i n u t e s a g o , s o - a n d - s o h a s 
o c c u r r e d s i n c e , i n d i c a t i n g t h a t t h e f o l l o w i n g 
w i l l be t r u e i n t w e l v e m i n u t e s - u n l e s s s u c h -
a n d - s u c h h a p p e n s . i n w h i c h c a s e t h e 
c o n s e q u e n c e s w i l l be ...' e t c . I n s h o r t , t h e 
a d d e d d i m e n s i o n o f t i m e b r o a d e n s t h e w h o l e 
d e c i s i o n p r o c e s s , m a k i n g an y c l e a r r e s u m ^ o f 
c h a t p r o c e s s a v e r y d e m a n d i n g t a s k . T h i s i s 
p a r t i c u l a r l y t r u e i n t h e l i g h t o f t h e 
r e q u i r e m e n t t o p r e s e n t p e r t i n e n t i n f o r m a t i o n 
i n a s u c c i n c t , e a s 1 1 y - d i g e s t e d f o r m . H e n c e t h e 
f o r m a t o f s h o r t , p i c h y c o m m e n t s w i t h s c o p e f o r 
e x p a n s i o n on r e q u e s t . T h e r e v i e w w i n d o w may 
a l s o be s c r o l l e d u p a n d d o w n . Co v i e w t h e 
c o m p l e c e c i m e - s p e c c r u r n o f e v e n c s . 
The u s e r i n t e r f a c e I s t o t a l l y m o u s e - d r i v e n , 
w i t h menus a c t i v a t e d a n d o p t i o n s s e l e c t e d by 
m ouse a n d p o i n t e r o p e r a t i o n . I t i s e n v i s a g e d 
t h a t a t a l a t e r s t a g e t h e r e w i l l be a 
r e q u i r e m e n t f o r t e x t i n p u t t o s u p p l e m e n t t h e 
k n o w l e d g e b a s e ; t h i s , c o o . w i l l be s i m p l i f i e d 
by t h e use o f d i a l o g b o x e s ( s u c h b o x e s a r c 
a l r e a d y e x t e n s i v e l y u s e d i n s i m u l a t i o n 
e x e r c i s e s on t h i s s y s t e m - s e e s e c t i o n ^ ) . 
6. The T e s t a n d D e v e l o p m e n t E n v i r o n m e n t 
C l e a r l y t h e E x p e r t S y s t e m i n i s o l a t i o n c a n n o t 
g i v e a n y m e a n i n g f u l i l l u s t r a t i o n o f i t s 
p e r f o r m a n c e i n r e a l - w o r l d c o n d i t i o n s . I n o r d e r 
( a ) 
F i R u r e 5. ' R o l l i n g Sea d i s p l a y f o r m a t , k e e p i n y . 
o w n - s h i p i n c e n t r e s e c t i o n , 
( d o t t e d l i n e i s n o t s h o w n on s c r e e n ) 
( a ) . ( b ) , ( c ) a t 2 - m i n u t e i n t e r v a l s 
f o r t h e s y s t e m t o f u n c t i o n n t ^ i l l . t h e r e i s - i 
n e e d f o r c o n t i n u o u s s t r e a m e d i n p u t o f riai.i 
r e l a t i n g t o o w n - s h i p a n d o t h e r ve.'^scls i n i . h--
v i c i n i t y . T h e f o r m e r w i l l be o b t ^ i i n c d I r o n , 
s e n s o r s a t t a c h e d t o r u d d e r , e n g i n e s e t c . . t h t ? 
l a t t e r f r o m r a d a r ( o r A R P A ) . AS i nd i C »I t o d in 
S'.'Ction 1. s u c h i n p u t s a r c n o t a v f r y 
p r a c t i c a l p r o p o s i t i o n f o r o n g o i n j ; s y s t c r . 
d e v e l o p m e n t . H e n c e a s o p h i s t i c a t e d s i m n l . T t t M ! 
t e s t e n v i r o n m e n t l i a s b e e n e v o l v e d t o rajitcli tht.' 
n e e d s o f an i nc r e<i s i n t; 1 y s o p h i s t i c a t e d IKB:!. 
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e A c o r n A r c h i m e d e s RISC-OS i s a m u l t i t a s k i n g 
v i r o n m e n t , p e r m i t t i n g a n u m b e r o f t a s k s t o 
n c t i o n p s e u d o - s i m u l t a n e o u s l y . M e s s a g i n g 
o t o c o l s e n a b l e c o m m u n i c a t i o n b e t w e e n t a s k s , 
v i n g s c o p e f o r i n t e r d e p e n d e n c e b e t w e e n 
p a r a t e a p p l i c a t i o n s . T i m e - i n i t i a t e d ' e v e n t s * 
y bo t r i g g e r e d on a o n e - o f f o r p e r i o d i c 
s i s . 
e n a t u r e o f t h e t a s k h a n d l e d by t h i s ES 
q u i r e s t h a t i t i n t e r a c t s w i t h o t h e r 
t e l l i g e n t e n t i t i e s - i n t h e f i n a l a n a l y s i s , 
e m a s t e r s o f o t h e r s h i p s . I t i s t h e r e f o r e 
p r o p r i a t o t h a t t h e o t h e r s h i p s i n t h e 
i D u l a t e d e n v i r o n m e n t b e h a v e ' i n t e l l i g e n t l y ' -
a c c o r d a n c e w i t h some r e a s o n e d s t r a t e g y , 
e r e i s a l s o a r e q u i r e m e n t f o r a s i m u l a t e d 
w n - s h i p ' , w h i c h i m p l e m e n t s t h e d e c i s i o n s o f 
e ES a n d i n r e t u r n p r o v i d e s t h e o w n - s h i p 
s i t i o n a l a n d b e h a v i o u r a l d a t a e x p e c t e d by 
e ES. 
e t a r g e t a p p l i c a t i o n o f t h i s s i m u l a t e d 
v i r o n m e n t - t h e E x p e r t C o l l i s i o n A v o i d a n c e 
s t e m - f u n c t i o n s as o n e t a s k u n d e r RISC-OS. 
s i m p l e o w n - s h i p s i m u l a t o r r u n s a s a s e p a r a t e 
p l i c a t i o n , ' s l a v e d ' t o t h e ES by c o n t r o l 
s s a g e s , and r e t u r n i n g s t a t u s i n f o r m a t i o n a s 
q u i r e d . A n o t h e r a p p l i c a t i o n , t e r m e d ' h a z a r d 
i p ' . may be r e p l i c a t e d any n u m b e r o f t i m e s 
u b j e c t t o memory l i m i t a t i o n s ) t o g i v e n 
raber o f p o t e n t i a l h a z a r d s . E a c h t a s k i s 
i t i a l i s e d by s e l e c t i o n o f t h e a p p r o p r i a t e 
o n , a n d p r o v i d e d w i t h a l l n e c e s s a r y 
r a m e t o r s ( p o s i t i o n , c o u r s e a n d s p e e d f o r 
i p s , d o m a i n s i z e a n d p e r f o r m a n c e 
a r a c t e r i S t i c s f o r ES) t h r o u g h d i a l o g b o x e s 
i l o r e d t o t h i s p u r p o s e . 
t i v i t i e s o f t h e v a r i o u s v e s s e l s a r e 
n c h r o n i s e d by r e g u l a r m e s s a g e s b r o a d c a s t 
o u n d t h e s y s t e m by a s e p a r a t e ' A R P A ' m o d u l e 
r e s p o n s e t o r e g u l a r t r i g g e r i n g by t h e 
t e r v a l t i m e r . 2 0 - s e c o n d i n t e r v a l s a r e 
r r e n t l y s i m u l a t e d by 1 - s e c o n d s t e p s , i . e . 
x r e a l - t i m e ; t h i s s p e e d - u p f a c t o r may be 
d u c e d a s i n c r e a s e d s o p h i s t i c a t i o n o f t h e ES 
t s g r e a t e r d e m a n d s on t h e p r o c e s s o r . 
e m a i n f u n c t i o n o f t h e A R P A a p p l i c a t i o n 
d u l e i s t o r e c e i v e ' r a d a r ' d a t a m e s s a g e d 
om e a c h h a z a r d v e s s e l , a n d p a s s on t o t h e ES 
c h d a t a f o r a l l v e s s e l s w i t h i n r a d a r r a n g e , 
e. t h e ES w i l l n o t be c o n v e r s a n t w i t h t h e 
t a i l s o f a l l h a z a r d s c u r r e n t l y a c t i v e , o n l y 
o s e w i t h i n s p e c i f i e d r a d a r r a n g e ( e . g . 15 
u t i c a l m i l e s ) . ' R a d a r ' d a t a on o w n - s h i p i s 
k e w i s e r e t u r n e d t o a l l s h i p s w i t h i n r a n g e . 
p r e v i o u s l y o b s e r v e d , i t i s n e c e s s a r y t h a t 
z a r d v e s s e l s a c t i n a c c o r d a n c e w i t h r e a s o n e d 
r a t c g i e s . • i t h t h i s i n m i n d , t h e ' h a z a r d 
l i p ' a p p l i c a t i o n i n c o r p o r a t e s a s i m p l i f i e d 
; r s i o n o f t h e ES . e n a b l i n g i t t o f u n c t i o n 
c o r d i n g co t h e c o l l i s i o n a v o i d a n c e 
i g u l a t i o n s . I n o r d e r t o t e s t e m e r g e n c y 
i n o e u v r i n g by t h e ES, e a c h h a z a r d 
i c o r p o r a t e s a n o p t i o n a l m a n u a l o v e r r i d e , 
l o w i n g t h e o p e r a t o r t o c o n t r o l t h e v e s s e l 
i t o a r e q u i r e d s i t u a t i o n . 
le d i f f i c u l t y i n d e v e l o p i n g a n e n v i r o n m e n t 
. t h an i n t e l l i g e n t r e s p o n s e i s t o k n o w w h e r e 
( s t o p . F o r e x a m p l e , s h o u l d t h e ES t a k e 
a c c o u n t o f t h e p o s s i b l e r e a c t i o n o f H a z a r d 3 
t o t h e l i k e l i h o o d o f a v o i d a n c e m a n o e u v r e s by 
H a z a r d 2 a r o u n d H a z a r d 1?? I t h a s b e e n d e c i d e d 
no t t o c r y t o s e c o n d - g u e s s t h e l i k e l y r e s p o n s e 
o f o n e h a z a r d t o a n o t h e r ( a s o p p o s e d t o t h e i r 
r e s p o n s e t o o w n - s h i p ) ; i n c o n s e q u e n c e . t h e 
s i m p l i f i e d ES i n e a c h h a z a r d o n l y r e s p o n d s t o 
t h e t h r e a t f r o m o w n - s h i p , n o t f r o m o t h e r 
h a z a r d s . T h i s h i g h l i g h t s a b a s i c r a t i o n a l e o f 
t h e t e s t e n v i r o n m e n t : t h e r e i s no m e r i t i n 
m a k i n g i t m o r e s o p h i s t i c a t e d t h a n t h e t a r g e t 
ES c a n make u s e o f f o r t e s t p u r p o s e s . 
A new h a z a r d may be i n t r o d u c e d a t a n y t i m e by 
t h e o p e r a t o r , e i t h e r w i t h i n o r o u t s i d e r a d a r 
r a n g e . I f i t i s w i t h i n r a n g e , d a t a o n t h a t 
v e s s e l i s a u t o m a t i c a l l y p a s s e d t o t h e ES by 
t h e ARPA m o d u l e . I f i t i s o u t o f r a n g e , t h e 
ARPA m o d u l e r e c o r d s i t s p r e s e n c e b u t d o e s n o t 
c o m m u n i c a t e d a t a on t h i s v e s s e l t o t h e ES. I f 
a h a z a r d p a s s e s f r o m w i t h i n r a d a r r a n g e t o 
o u t s i d e t h a t r a n g e , o r i s r e c o g n i s e d by t h e 
ARPA as i n c r e a s i n g i t s s e p a r a t i o n f r o m o w n -
s h i p ( w h i l s t o u t o f r a n g e ) , t h e n t h a t h a z a r d 
a p p l i c a t i o n m o d u l e i s a u t o m a t i c a l l y c l o s e d 
d o w n . a n d t a k e s n o f u r t h e r p a r t i n t h e 
s i m u l a t i o n e x e r c i s e . 
T h e s i m u l a t i o n e n v i r o n m e n t , t h e n , c o m p r i s e s an 
o w n - s h i p s i m u l a t o r a n d an i r r e g u l a r s t r e a m o f 
h a z a r d v e s s e l s . As e a c h h a z a r d c o m e s i n t o 
r a d a r r a n g e t h e ES ' c o n ? i i d e r s ' i t a s ; i 
p o t e n t i a l t h r e a t . a n d a d o p t s .in a p p r o p r i a t e 
s t r a t e g y i f n e c e s s a r y ; o n e s t r a t e g y may h a n d l e 
j u s t a s i n g l e t h r e a t , o r e n c o m p a s s a n u m b e r o f 
h a z a r d v e s s e l s . As e a c h h a z a r d c e a s e s t o bo a 
p o t e n t i a l t h r e a t a n d d i s a p p e a r s f r o m r a d a r 
' v i s i o n ' , i t i s d e l e t e (i f r o m t h e ES k n o w l e d g e 
b a s e , and c l o s e d d o w n as an a p p l i c a t i o n i n t h e 
s i m u l a t i o n , l e a v i n g r o o m f o r f u r t h e r h a z a r d s . 
N a t u r a l l y , o n l y h a z a r d s w i t h i n r a d a r r a n g e a r e 
p l o t t e d on t h e ES g r a p h i c d i s p l a y , a n d t h e n 
o n l y i f t h e y p o s e a p r e s e n t o r f u t u r e 
p o t e n t i a l t h r e a t ( s e e s e c t i o n 5 ) . 
5. S t r a t e g y E v a l u a t i o n a n d O p t i m i s a t i o n 
I n a p r e v i o u s p a p e r ( 2 ] t h e a u t h o r s d e s c r i b e a 
t e c h n i q u e f o r p r e d e t e r m i n i n g a s a f e t i m e t o 
m a n o e u v r e i n o r d e r t o e n s u r e r e q u i r e d 
c l e a r a n c e o f a h a z a r d v e s s e l . T h i s P r e d e t e r -
m i n e d S a f e M a n o e u v r i n g T i m e ( P S M T ) h a s b e e n 
f u r t h e r r e f i n e d t o d e r i v e a n o p t i ma 1 m a n o e u v r -
i n g t i m e (POMT) b a s e d o n a c o s t f u n c t i o n w h i c h 
t a k e s i n t o a c c o u n t d e v i a t i o n f r o m t r a c k , l o s s 
o f t i m e . l o s s o f s p e e d . e t c . An a d d i t i o n a l 
r e f i n e m e n t i s t h e c a p a c i t y f o r r e - e v a I u a t i o n 
o f s t r a t e g y on r e c e i v i n g d a t a o n a new h a z a r d . 
As t h e ES i s i n f o r m e d by t h e ARPA m o d u l e o f o 
new h a z a r d , i t f i r s t i d e n t i f i e s w h e t h e r t h a t 
h a z a r d i s an i m m e d i a t e o r p o t e n t i a l f u t u r e 
t h r e a t . T h i s i s d o n e by c o n s i d e r a t i o n o f a 
' s u p e r - d o m a i n ' a b o u t o w n - s h i p . b a s e d o n t h e 
D a v i s m o d e l [ o p . c i t - 7J ( s e e f i g u r e f , ) . 
I f t h e new h a z a r d i s w i t h i n t h i s r e g i o n , o r 
i t s t r a c k w i l l c a r r y i t i n t o t h i s r e g i o n , t h e n 
i t i s r e g i s t e r e d i n t h e k n o w l e d g e b a s e a s a 
p o t e n t i a l t h r e a t , a n d t h e ' s t r a t e g y o p t i m i s c r ' 
r e v i e w s i t s d e c i s i o n s i n t h e l i g h t o f t h i s new 
d a t a . T h i s i n v o l v e s c o n s i d e r a t i o n o f a l a r g e 
n u m b e r o f a l t e r n a t i v e m a n o e u v r i n g t i m e s a n d 
r u d d e r s e t t i n g s , i d e n t i f y i n g w h i c h c o m b i n a t i o n 
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i v e s ' s u c c e s s f u l c l e a r a n c e w i t h m i n i m u m c o s t ; 
f a s e c o n d a r y m a n o e u v r e i s r e q u i r e d t o c l e a r 
wo o r m o r e h a z a r d s , t h i s i s l i k e w i s e 
o n s i d e r e d f r o m an o p t i m i s a t i o n p o i n t o f v i e w . 
l e a r l y , i t i s n o t p o s s i b l e t o e v a l u a t e a 
u l t i p l i c i t y o f o p t i o n s a t e a c h s t a g e ( f r o m 
he i n i t i a l v i e w p o i n t ) w i t h o u t e x p o n e n t i a l l y 
a i s i n g t h e n u m b e r o f l o o k - a h e a d s i m u l a t i o n s , 
o n s e q u e n t l y . t h e l o o k - a h e a d o p t i m i s a t i o n 
o n s i d e r s o n l y t h e f i r s t - s t a g e m a n o e u v r e i n 
e C a l l , a t t h e same t i m e e n s u r i n g t h a t a way 
h r o u g h t o c o m p l e t i o n i s f e a s i b l e : f u r t h e r 
t a g e s a r e e v a l u a t e d i n d e t a i l a s t h e y a r e 
p p r o a c h e d . 
t i s c o n s i d e r e d t h a t t h i s p a t t e r n c l o s e l y 
o l l o w s t h e t e c h n i q u e a d o p t e d by human s h i p ' s 
a s t e r s i n s u c h s i t u a t i o n s : d e v i s e a n 
f f i c i e n t s t r a t e g y f o r t h e i m m e d i a t e f u t u r e , 
h i c h w i l l a l s o l e a v e o w n - s h i p i n a p o s i t i o n 
o s u c c e s s f u l l y n e g o t i a t e t h r o u g h f u r t h e r 
a z a r d s ; as t h e e x t e n d e d s i t u a t i o n d e v e l o p s , 
v o l v e f u r t h e r o p t i m a l s t r a t e g i c s t o c o v e r 
a c h new e v e n t u a l i t y . 
T h e a p p r o a c h a d o p t e d by t h e a u t h o r s h a s m e t 
w i t h m a r k e d s u c c e s s i n a l a r g e n u m b e r o f 
s i m u l a t e d e n c o u n t e r s ; n a m e l y f o r m u l a t i o n o f a n 
o p t i m a l s t r a t e g y b a s e d on t h e m o s t t h r e a t e n i n g 
h a z a r d , w i t h d u e r e g a r d i n a n y s t r a t e g y f o r m u -
l a t i o n ( b o t h i n f e a s i b i l i t y a n d c o s t i n g ) t o 
o t h e r h a z a r d s w h i c h a r e , o r may b e c o m e , 
i n v o l v e d i n t h e e n c o u n t e r . S u c h an a p p r o a c h 
a v o i d s t h e q u e s t i o n o f s e p a r a t i n g o r b u n c h i n g , 
v e s s e l s , t h e o p t i m i s a t i o n t e c h n i q u e i n h e r e n t l y 
o p e r a t i n g a n i n d e t e r m i n a t e ( o r ' f u z z y ' ) 
b o u n d a r y b e t w e e n e n c o u n t e r s w i t h s u c c e s s i v e 
h a z a r d s . 
I t i s a n t i c i p a t e d t h a t t h e p r i n c i p l e s o u t l i n e d 
i n t h i s p a p e r may be e x t e n d e d w i t h o u t m o d i f i -
c a t i o n t o e n c o m p a s s f i x e d h a z a r d s - n o t a b l y 
c o a s t a l f e a t u r e s - a s w e l l a s o t h e r v e s s e l s . 
Any c o m b i n a t i o n o f s u c h f i x e d a n d m o b i l e 
h a z a r d s w i l l be m a n a g e d by a n e x t e n d e d r u l e 
b a s e u n d e r t h e o p t i m i s a t i o n l o g i c a s c u r r e n t l y 
i m p l e m e n t e d . 
R e f e r e n c e s 
F i g u r e 6 S u p e r - D o m a i n u s e d t o i d e n t i f y 
l i k e l y h a z a r d s . O w n - s h i p t o p o r t 
a n d w e l l t o r e a r , o f c e n t r e . 
T y p i c a l r a d i u s : 5 n a u t i c a l m i l e s 
B l a c k w e l l . G.K. a n d S t o c k c l . C.T.. 1 9 8 8 
S i m u l a t i o n o f S h i p E n c o u n t e r s Usiny> 
M u l t i p l e L i n k e d I n t e l l i g e n t S y s t e m s . 
P r o c e e d i n g s SCSC89. A u s t i n . T e x a s p p 7 & 6 - 7 7 1 
B l a c k w e l l . G.K. a n d S t o c k e l . C.T., 1 9 9 0 
S t r a t e g i c P l a n n i n g f o r I n t e l l i g e n t R e a l -
T i m e M a n a g e m e n t . 
P r o c e e d i n g s SCSC90, C a l g a r y . A l b e r t a . 
C a n a d a . p p 6 9 4 - 6 9 9 
I n t e r n a t i o n a l M a r i n e O r g a n i s a t i o n . 1 9 8 1 
I n t e r n a t i o n a l R e g u l a t i o n s f o r P r e v e n t i n g 
C o l l i s i o n s a t S e a . 
C o U e y . B.A.. 1 9 8 5 
C o m p u t e r S i m u l a t i o n o f M a r i n e T r a f f i c 
Sy s t e m s . 
Ph.D. T h e s i s . P l y m o u t h P o l y t e c h n i c ( C N A A ) 
B l a c k w e l l . G.K., C o l l e y . B.A.. a n d 
S t o c k e l , C.T.. 1 9 8 8 
An I n t e l l i g e n t K n o w I e d g e - B a s e d S y s t e m f o r 
M a r i n e C o l l i s i o n A v o i d a n c e . 
P r o c e e d i n g s . C o n f e r e n c e on M a r i t i m e Commun-
i c a t i o n s a n d C o n t r o l , I n s t i t u t e o f M a r i n e 
E n g i n e e r s , L o n d o n . p p l 6 7 - l 7 4 
G o o d w i n . E.M.. 1 9 7 5 
A S t a t i s t i c a l S t u d y o f S h i p D o m a i n s . 
J o u r n a l o f N a v i g a t i o n . V o l . 2 8 . p p 3 2 B - 3 4 ^ 
D a v i s P.v.. D o v e M.J. S S t o c k c l C.T. 1 9 8 3 
'A C o a p u t e r S i m u l a t i o n o f M a r i n e T r a f f i c 
U s i n g D o m a i n s a n d A r e n a s ' . 
J o u r n a l o f N a v i g a t i o n . V o l . 3 3 . p p 2 1 5 - 2 2 2 
Con e l u s i o n s 
he t a s k o f g r o u p i n g / s e p a r a t i n g h a z a r d v e s s e l s 
n t o d i s c r e t e ' e n c o u n t e r s ' i s n o t s u s c e p t i b l e 
o a s i m p l e r u l e o f t h u m b . Any m u l t i - s h i p 
I t u a t i o n i s f a i r l y f l u i d , h a v i n g t h e c a p a c i t y 
o move f r o m o n e g r o u p i n g t o a n o t h e r 
h o r t t i m e . w i t h r e g a r d t o t h e 
o r o u l a t i n g a v o i d a n c e s t r a t e g i e s . 
i n 
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AH INTELLIGEHT IHTERACTIVE EHVIRONMEHT FOR 
A MARITIME REAL-TIME EIPERT SYSTEM 
B l a c k w e l l G.K.. R a n g a c h a r i J . . S t o c k e l C.T. 
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P o l y t e c h n i c S o u t h West 
P l y m o u t h . Devon. ENGLAND 
. I n t r o d u c t i o n 
he t a s k o f m a r i n e c o l l i s i o n a v o i d a n c e 
e q u i r e s a c o m b i n a t i o n o f v a r i o u s t e c h n o l o g i e s 
nd c o m p e t e n c e s . I n i t i a l l y t h e r e i s . o f 
o u r s e , t h e need f o r a p p r o p r i a t e c o n t r o l 
e c h a n i s n s and t e c h n i c a l s k i l l s t o s t e e r o n e ' s 
wn v e s s e l ( o w n - s h i p ) a l o n g a p r e d e t e r m i n e d 
r a c k , i n i t i a t i n g and t e r m i n a t i n g t u r n i n g 
a n o e u v r e s a t s u c h p o i n t s as may be r e q u i r e d : 
h i s f u r t h e r p r e s u p p o s e s an i n - d e p t h k n o w l e d g e 
f t h e h a n d l i n g c h a r a c t e r i s t i c s o f o w n - s h i p , 
e c o n d , Che a b i l i t y t o d e t e c t t h e p r e s e n c e , 
peed and c o u r s e o f any p o t e n t i a l h a z a r d i s 
s s e n t i a l , i m p l y i n g t h e use o f r a d a r p l u s t h e 
x p e r t i s e t o i n t e r p r e t i n c o m i n g i n f o r m a t i o n 
nd a p p l y i t as r e q u i r e d - an A d v a n c e d Radar 
l o t t i n g A i d ( A R P A ) may be us e d t o p e r f o r m 
a r t o f t h i s f u n c t i o n . T h i r d , t h e r e q u i s i t e 
e a s o n i n g s k i l l s and e x p e r i e n c e , c o u p l e d w i t h 
k n o w l e d g e o f t h e s t a t u C o r y r e g u l a c i o n s , 
h o u l d l e a d t o a s t r a t e g y f o r a v o i d i n g any 
h r e a c e n e d c o l l i s i o n . F o u r t h . c o n t i n u e d 
i g i l a n c e w h i l s t i m p l e m e n t i n g t h a t s t r a t e g y i s 
e q u i r e d t o e n s u r e s u c c e s s f u l c o m p l e t i o n , 
n c l u d i n g m o d i f i c a t i o n o f p l a n s i f any h a z a r d 
e s s e l e x e c u t e s a t h r e a t e n i n g m a n o e u v r e . 
t f o l l o w s t h a t any c o m p u t e r - b a s e d e x p e r t 
l y s t e m f o r m a r i n e c o l l i s i o n a v o i d a n c e o u s t 
n c o r p o r a t e a l l o f t h e s e f e a t u r e s , i n c l u d i n g 
a c i l i t i e s f o r l i n k i n g i n and i n t e r p r e t i n g 
l a c a f r o m any r e l e v a n t s e n s o r ( e . g . r a d a r ) . I t 
l u s c a l s o be c a p a b l e o f p r e s e n t i n g i t s 
: o n c l u s i o n 5 o r r e c o m a e n d a t i o n s i n a m e a n i n g f u l 
i n d e a s i 1 y - a s s i o i 1 a t e d f o r m . Any c h a n g e i n 
: i r c u m s t a n c e s ( e . g . a h a z a r d c h a n g i n g c o u r s e ) 
i h o u l d i m m e d i a t e l y p r e c i p i t a t e a r e v i e w o f t h e 
> l a n n e d s t r a t e g y , and i f n e c e s s a r y c l e a r and 
j r o m p t n o t i f i c a t i o n of t h e r e v i s e d p l a n . 
Such a s y s t e D s p e c i f i c a t i o n i m p l i e s a 
r o n c o m i t a n t r e q u i r e m e n t f o r a s t a g e d 
l e v e l o p m e n t p r o c e s s , and a t h o r o u g h t e s t i n g 
r e g i m e a t each s t a g e . T h i s i s n o t a t r i v i a l 
: o n s i d e r a t i o n , s i n c e t h e f i n i s h e d s y s t e m ( a n d 
l e n c e i t s p r o g e n i t o r s ) w i l l c a r r y m a j o r 
r e s p o n s i b i l i t y f o r s a f e t y o f n a r i n c v e s s e l s , 
rhe d e g r e e o f t e s t i n g r e q u i r e d , i f c o n d u c t e d 
Ln a ' l i v e ' e n v i r o n m e n t , w o u l d p r o v e e x t r e m e l y 
; o s t l y and p r o b a b l y h i g h l y i n c o n v e n i e n t . A 
s e a g o i n g v e s s e l o f s u b s t a n t i a l s i z e ( p e r f o r o -
j n c e c h a r a c t e r i s t i c s o f s m a l l c r a f t a r e 
l o t o r i o u s l y u n r e l i a b l e ) w o u l d need t o be 
L i t t e d o u t w i t h i n s t r u m e n t a t i o n and s e n s o r s , 
i n d h e l d a v a i l a b l e f o r t h o s e t i o e s when t e s t 
-uns w e r e r e q u i r e d . At s u c h t i m e s , t h e e x p e r t 
s y s t e m w o u l d need t o be t r a n s f e r r e d on b o a r d 
:he s h i p , and t h e v e s s e l t a k e n o u t t o some 
j o i n t w h e r e t h e t r a f f i c was s u c h as t o 
j r o v i d e a r e a l i s t i c t e s t o f t h e new f e a t u r e s 
( t h e a l t e r n a t i v e , a s e a - g o i n g s o f t w a r e h o u s e , 
r a i s e s d i f f e r e n t . b u t e q u a l l y d a u n t i n g , 
p r o b l e m s ) . F u r t h e r m o r e , s u i t a b l e e n c o u n t e r 
s i t u a t i o n s w o u l d h ave t o be c o n t r i v e d t o t e s t 
t h e s y s t e m , e i t h e r w i t h o t h e r v e s s e l s w h i c h 
j u s t h a p p e n t o be i n t h e v i c i n i t y , o r w i t h 
v e s s e l s s p e c i f i c a l l y c h a r t e r e d f o r t h e 
p u r p o s e : t h e f o r m e r c o u l d be l e s s t h a n p o p u l a r 
( e s p e c i a l l y i f a t e s t o f e m e r g e n c y n a n o c u v r i n g 
a t c l o s e q u a r t e r s i s r e q u i r e d ) . t h e l a t t e r 
s i m p l y e s c a l a t e s t h e c o s t o f t h e e x e r c i s e . 
C l e a r l y , c h e r e i s a r e q u i r e o e n t f o r a 
s i m u l a t e d t e s t e n v i r o n m e n t . t o f a c i l i t a t e 
l a n d - b a s e d d e v e l o p m e n t o f t h e s y s t e m t o on 
a d v a n c e d s t a g e . To be i n any way e f f e c t i v e , 
c h a t e n v i r o n m e n t must o f f e r a l l o f t h e 
f e a t u r e s , and c h a l l e n g e s , w h i c h may be f a c e d 
by C h e syscem i n a r e a l - l i f e s i t u a t i o n 
mu S t a l s o 
c o n t r o l l e d 
s p e c i f i c s 
w h i c h t e s t 
I n t e r f a c i n g 
I t 
be s u s c e p t i b l e t o c o m b i n i n g 
o r g u i d e d e l e m e n t s ( t o s e t up 
i t u a t i o n s ) w i t h r a n d o o e l e m e n t s 
d e t a i l s o f s y s t e m f u n c t i o n i n g , 
o f t h e t e s t e n v i r o n m e n t t o t h e 
e x p o r t s y s t e m s h o u l d c o r r e s p o n d as c l o s e l y as 
p o s s i b l e t o t h e ' l i v e ' s i t u a t i o n , and p e r m i t 
m o n i t o r i n g o f t h e t e s t e n v i r o n m e n t a l o n g s i d e 
f u l l i n t e r a c t i o n v i t h t h e s y s t e m i t s e l f . 
The a u t h o r s have been c o n c e r n e d w i t h t h e 
d e v e l o p m e n t o f an e x p e r t s y s t e m f o r m a r i n e 
c o l l i s i o n a v o i d a n c e . A s u b s t a n t i a l p a r t o f 
t h i s work has i n v o l v e d t h e p r o v i s i o n o f a 
s u i t a b l e t e s t e n v i r o n m e n t . E a r l y w o r k , b a s e d 
on on A t a r i ST m i c r o c o m p u t e r , u s e d o u l l i p l e 
p r o c e s s o r s t o s i m u l a t e v e s s e l a c t i o n [ I J . T h i s 
p a p e r d e s c r i b e s t h e use o f an A c o r n A r c h i m e d e s 
RISC ( R e d u c e d I n s t r u c t i o n Set C o m p u t e r ) s y s t e m 
CO e m u l a t e t h e h a z a r d s e n c o u n t e r e d on a sea 
p a s s a g e . The m u l t i t a s k i n g c a p a b i l i t y o f t h e 
RISC-OS o p e r a t i n g s y s t e m i s used t o model t h e 
a c t i o n s o f a v a r i a b l e number o f v e s s e l s 
s i m u l t a n e o u s l y . C o n t r o l f u n c t i o n s f o r e a c h 
v e s s e l p e r m i t t h e c o n s t r u c t i o n o f a v i r t u a l l y 
u n l i m i t e d v a r i e t y o f e n c o u n t e r s i t u a t i o n s , 
w h i l s t i n h e r e n t ' i n t e l l i g e n c e ' i n e a c h h a z a r d 
v e s s e l e n s u r e s i i s c o n f o r m i t y w i t h c o l l i s i o n 
a v o i d a n c e p r o t o c o l s ( u n l e s s m a n u a l l y d i r e c t e d 
o t h e r w i s e ) . 
2. M a r i t i m e C o l l i s i o n A v o i d a n c e 
The t a s k o f m a r i n e c o l l i s i o n a v o i d a n c e i s . i n 
t h e f i r s t i n s t a n c e . e n c o m p a s s e d by t h e 
I n t e r n a t i o n a l R e g u l a t i o n s f o r A v o i d i n g 
C o l l i s i o n s a t Sea ( 2 ] . T h e s e r e g u l a t i o n s c i t e 
s p e c i f i c r u l e s t o c o v e r s p e c i f i c t y p e s o f 
e n c o u n t e r s i t u a t i o n s a t s e a . Such s i t u a t i o n s 






h e a d - o n ; 
c r o s s i n g ; 
o v e r t a k i n g . 
n a t u r e o f t h e e n c o u n t e r i s I d e n t i f i e d by 
p o s i t i o n o f one v e s s e l w i t h r e s p e c t t o 
m o t h e r , v i s - a - v i s t h e n a v i g a t i o n l i g h t s o f 
i a c h v e s s e l . These n a v i g a t i o n l i g h t s c o v e r 
: h r e e s e p a r a t e s e c t o r s a r o u n d a v e s s e l , as 
shown i n f i g u r e 1- F i g u r e 2 i l l u s t r a t e s a 
v a r i e t y o f e n c o u n t e r s i t u a t i o n s , as d e f i n e d by 
:he l i g h t s . 
P o r t ( r e d ) 
112.5 d e g r e e s 
Rear ( w h i t e ) 
135 d e g r e e s 
S t a r b o a r d ( g r e e n ) 
112.5 d e g r e e s 
F i g u r e 1 ._ S e c t o r s s u b t e n d e d by a s h i p 
n a v i g a t i o n 1 i g h t s . 
The r e g u l a t i o n s a r e a d h e r e d t o by e v e r y 
r e s p o n s i b l e m a r i n e r , and have t h e f o r c e o f law 
i n m o s t c o u n t r i e s . However, t h e y a r e n o t 
t o t a l l y d e f i n i t i v e i n t e r m s o f d e c i s i o n s and 
a c t i o n s , and i n many c a s e s must be i n t e r p r e t e d 
i n t h e l i g h t o f e x p e r i e n c e and 
For e x a m p l e , t h e m a s t e r o f a 
c o l l i s i o n / n e a r - m i s s c o u r s e i s 
t a k e a c t i o n ' i n g o o d t i m e ' t o 
a v e r t d i s a s t e r : t h i s may be i n t e r p r e t e d as 
a n y t h i n g f r o m 10 t o 30 m i n u t e s b e f o r e c l o s e s t 
p o i n t o f a p p r o a c h ( C P A ) . L i k e w i s e , a v e s s e l 
m a n o e u v r i n g t o a v o i d a n o t h e r s h o u l d i n d i c a t e 
i t s i n t e n t i o n by m a k i n g a ' c l e a r t u r n ' ( 1 0 
d e g r e e s ) . and m a i n t a i n i n g o 
f r o m t h e o t h e r v e s s e l (how 
s t r i n g ? ? ) . 
by mar i n e r s 
d i s c r e t i o n , 
v e s s e l on a 
e x p e c t e d t o 
30 
s a f e d i s t a n c e ' 
l o n g i s a p i e c e o f 
S u c h f l e x i b i l i t y ( o r v a g u e n e s s ) l e a d s t o 
d i f f e r i n g r e s p o n s e s by d i f f e r e n t roasters, o r 
e v e n by t h e same m a s t e r u n d e r d i f f e r e n t 
c i r c u m s t a n c e s : a ' s a f e d i s t a n c e " when c a r r y i n g 
a c a r g o o f t r a c t o r p a r t s may n o t be q u i t e so 
s a f e w i t h a h o l d f u l l o f v o l a t i l e c h e m i c a l s ; 
t h e l u x u r y o f a 20 d e g r e e ' c l e a r t u r n ' i n t h e 
o p e n sea may n o t be so p r a c t i c a l ( o r n e c e s s a r y 
t o make t h e p o i n t ) i n a c r o w d e d seaway s u c h as 
t h e Dover S t r a i t . C l e a r l y d e c i s i o n s on s u c h 
f a c t o r s as t i m e t o t a k e a v o i d i n g a c t i o n d e p e n d 
c r u c i a l l y on t h e p e r f o r m a n c e c h a r a c t e r i s t i c s 
o f t h e v e s s e l c o n c e r n e d : a c r o s s - c h a n n e 1 f e r r y 
h as a s u b s t a n t i a l l y f a s t e r r e s p o n s e , and 
r a t h e r s m a l l e r t u r n i n g c i r c l e t h a n ( f o r 
e x a m p l e ) a V e r y L a r g e Crude C a r r i e r ( V L C C ) . 
T h e s e d i f f e r e n c e s i n i n t e r p r e t a t i o n may p r o v e 
s i g n i f i c a n t i n p a r t i c u l a r s i t u a t i o n s , s i n c e i t 
i s p o s s i b l e f o r t h e n a t u r e o f an e n c o u n t e r t o 
c h a n g e w i t h t i o e , g i v i n g l a t i t u d e f o r m a s t e r s 
o f t h e v e s s e l s i n c o n t e n t i o n t o i n t e r p r e t t h e 
C r o s s i n g f r o m 
P o r t S i d e 
O v e r t a k i n g on 
P o r t Q u a r t e r 
Head-on 
C r o s s i n g f r o a 
S t a r b o a r d S i d e 
F i g u r e 2. T y p e s o f s h i p e n c o u n t e r s 
same s i t u a t i o n i n t w o d i f f e r e n t 
e x a m p l e . f i g u r e 3 i l l u s t r a t e s £ 
w a y s . F o r 
„ s i t u a t i o n 
w h i c h , e v a l u a t e d 20 m i n u t e s b e f o r e CPA w o u l d 
be s een as an o v e r t a k i n g e n c o u n t e r : 10 m i n u t e s 
b e f o r e CPA i t w o u l d be r e c o g n i s e d as a 
c r o s s i n g e n c o u n t e r . A c c o r d i n g t o t h e 
r e g u l a t i o n s . r e s p o n s i b i l i t y f o r a v o i d a n c e 
w o u l d r e s t w i t h e i t h e r one v e s s e l o r t h e 
o t h e r . d e p e n d i n g on t h e i n t e r p r e t a t i o n 
a p p l i e d . The r e g u l a t i o n s a l s o d i r e c t t h a t , 
o n c e e v a l u a t e d . t h e n a t u r e o f a s i t u a t i o n 
s h o u l d be r e g a r d e d as i n v a r i a n t f o r 
m a n o e u v r i n g p u r p o s e s ( e v e n i f a c h a n g e d 
s c e n a r i o e v o l v e s , os i n f i g . 3 ) ; h e n c e t w o 
o a s t e r s c o u l d e a c h deem t h e o t h e r r e s p o n s i b l e 
f o r a v o i d i n g , l e a d i n g t o t h e n e c e s s i t y f o r 
e a e r g e n c y m a n o e u v r i n g a t a l a t e s t a g e . 
S h i p s n o t s c a l e 
( a ) H a z a r d 20 o i n 
b e f o r e CPA 
( b ) H a z a r d 10 min 
b e f o r e CPA 
f i u r e 3 • E n c o u n t e r s i t u a t i o n c h a n g i n g f r o m 
h a z a r d o v e r t a k i n g ( h a z a r d g i v e - w a y ) 
t o c r o s s i n g ( o w n - s h i p g i v e - w a y ) . 
The r e g u l a t i o n s a l s o a l l o w f o r an e a r l y c o u r s e 
c h a n g e , n o t s u b j e c t t o f i x e d p r o t o c o l s , i f a 
d e c i s i o n t o m a n o e u v r e i s made w e l l b e f o r e any 
a n t i c i p a t e d i n c i d e n t . T h i s ' w e l l b e f o r e ' c a n 
l i k e w i s e be v e r y l o o s e l y i n t e r p r e t e d , l e a d i n g 
t o n o n - s t a n d a r d o a n o e u v r e s f a i r l y l a t e on i n 
an e n c o u n t e r . F i g u r e ^ i l l u s t r a t e s t h e c l a s s i c 
' r a d a r - a s s i s t e d c o l l i s i o n ' , i n w h i c h m a s t e r B 
has c h o s e n a ' c o u r s e c h a n g e ' t o p o r t ( b e i n g 
s o o e w h a t t o p o r t o f t h e o t h e r v e s s e l ' s t r a c k ) 
as o p p o s e d t o t h e r e g u l a t i o n ' a v o i d a n c e 
m a n o e u v r e ' t o s t a r b o a r d . The c o o b i n a t i o n i s a 





S h i p B 
F i g u r e A. S h i p A: r e g u l a t i o n t u r n t o s t a r b o a r d 
S h i p B: ' c o u r s e c h a n g e ' t o p o r t 
Head-on n e a r - m i s s becomes c o l l i s i o n . 
r e c i p e f o r d i s a s t e r , i l l u s t r a t i n g t h e need f o r 
c l e a r a d h e r e n c e t o w e l l - d e f i n e d r u l e s . I t has 
e v e n b e e n o b s e r v e d t h a t some a a r i n e r s w i l l 
f e e l f r e e t o make an u n r e s t r i c t e d ' c o u r s e 
c h a n g e ' no m a t t e r how l a t e o n . i f t h e v e s s e l s 
a r e n o t a c t u a l l y on a d i r e c t c o l l i s i o n c o u r s e 
- t h u s i n some c a s e s c o n v e r t i n g a n e a r - m i s s 
i n t o a d i s a s t e r . 
P r e v i o u s r e s e a r c h [ 3 ] has i d e n t i f i e d t h e m a j o r 
v a r i a n t s o f t h e t h r e e s t a n d a r d e n c o u n t e r 
s i t u a t i o n s , and t h e s t r a t e g i e s e m p l o y e d by 
m a r i n e r s i n t h o s e s i t u a t i o n s . T h e s e s t r a t e g i c s 
h a v e b e e n f o r m a l i s e d i n t o a sec o f ' r u l e s ' 
w h i c h f o r m t h e b a s i s o f an I n t e l l i g e n t 
K n o w l e d g e - B a s e d S y s t e m ( I K B S ) f o r m a r i n e 
c o l l i s i o n a v o i d a n c e { ^ ) . C r i t e r i a r e l a t i n g t o 
t i m e f o r a c t i o n . s a f e c l e a r a n c e s and 
a d e q u a t e t u r n s a r e s y s t e m p a r a m e t e r s p r o v i d e d 
by t h e u s e r , a c c o r d i n g t o t a s t e and 
c i r c u m s t a n c e . The k n o w l e d g e base f o r t h e 
s y s t e m c o o p r i s e s a c o m b i n a t i o n o f : 
( 1 ) ' s t a t i c i n f o r m a t i o n ' , s u c h as t h a t above 
p l u s l e n g t h . d r a u g h t and p e r f o r m a n c e 
c h a r a c t e r i s t i c s o f t h e v e s s e l : 
( 2 ) ' d y n a m i c i n f o r m a t i o n ' s u c h as c u r r e n t 
s p e e d and c o u r s e o f o w n - s h i p p l u s r a d a r 
d a t a on any p o t e n t i a l h a z a r d s i n t h e 
v i c i n i t y : a n t i c i p a t e d f u t u r e d e v e l o p m e n t s 
i n c l u d e i n p u t o f s a t e l l i t e p o s i t i o n -
f i x i n g d a t a and i n f o r m a t i o n on f i x e d 
n a v i g a t i o n a l h a z a r d s f r o m e l e c t r o n i c 
c h a r t d i g i t a l i n f o r m a t i o n s y s t e m s 
( E C D I S ) . 
3. The C o l l i s i o n A v o i d a n c e E x p e r t S y s t e o 
The s y s t e m i s b u i l t on t h e a n t i - c o 1 1 i s i o n 
r e g u l a t i o n s . f i l l e d o u t by o b s e r v e d good 
p r a c t i c e among m a r i n e r s . S u c c e s s f u l 
f u n c t i o n i n g o f t h e s y s t e m d e p e n d s on t v o 
f u n d a m e n t a l c o n c e p t s r e l a t i n g t o z o n e s a r o u n d 
a s h i p : t h e dooa j n and t h e a r e n a . 
The d o m a i n i s t h a t a r e a a r o u n d o w n - s h i p w h i c h 
t h e m a s t e r w o u l d w i s h t o keep f r e e o f any 
p o t e n t i a l h a z a r d s . E a r l y r e s e a r c h i n t h i s 
f i e l d i d e n t i f i e d t h e d o m a i n as d i s p a r a t e 
c i r c l e s e c t o r s ( 5 1 o r a l t e r n a t i v e l y a c i r c l e 
w i t h o w n - s h i p o f f - c e n t r e [ 6 ] , r e f l e c t i n g : 
( a ) t h e need f o r more s e a room t o s t a r b o a r d 
( t h e n o r m a l m a n o e u v r i n g s i d e ) ; and 
( b ) c o m p a r a t i v e l y l e s s r i s k f r o m h a z a r d s t o 
t h e r e a r ( c l o s i n g s p e e d s b e i a g g e n o r a l l j 
1 e s s f rom b e h i n d ) . 
For t h e p u r p o s e s o f t h i s s y s t e o , a c i r c l e 
c e n t r e d on o w n - s h i p p r o v i d e s an a d e q u a t e model 
f o r t h e d o m a i n ; t h e d o m a i n r a d i u s , s e l e c t e d by 
t h e o p e r a t o r , i s o f c o u r s e t h e r e p r e s e n t a t i o n 
o f t h e ' c l e a r d i s t a n c e ' r e q u i r e d by t h e 
r e g u l a t i o n s t o be k e p t f r o m o t h e r v e s s e l s . 
The a r e n a i s t h a t b o u n d a r y a r o u n d o w n - s h i p 
w i t h i n w h i c h any h a z a r d s h o u l d be e v a l u a t e d a s 
a p o t e n t i a l t h r e a t . and a v o i d i n g a c t i o n 
i n i t i a t e d i f a p p r o p r i a t e [ 6 ] . T h i s a p p r a i s a l 
o f a ' t h r e a t b o u n d a r y ' h a s been f o u n d t o be 
o v e r - s l o p l i s t i c , as i t t a k e s no a c c o u n t o f 
d i f f e r e n t c l o s i n g r a t e s by v a r i o u s h a z a r d s . A 
b e t t e r d i s c r i m i n a t o r i s a t i m e - b a s e d b o u n d a r y , 
t r i g g e r e d by t i m e t o d o m a i n i n f r i n g e m e n t { 3 ] . 
T h i s RDRR ( R a n g c - t o - D o m a l n / R a n g e - R a t e ) a c t s as 
f o l l o w s : i f a 1 0 - m i n u t e RDRR i s a c t i v e ( f o r 
e x a m p l e ) , a s h i p w i t h a c l o s i n g speed o f 12 
k n o t s w o u l d come w i t h i n t h i s 1 0 - m i n u t e 
t h r e s h o l d a t a d i s t a n c e o f 2 n a u t i c a l m i l e s 
f r o m o w n - s h i p ' s d o m a i n b o u n d a r y ; a v e s s e l 
c l o s i n g a t 6 k n o t s w o u l d c r o s s t h e RDRR 
t h r e s h o l d o n l y 1 n a u t i c a l m i l e f r o m o w n - s h i p ' s 
doma i n . 
The RDRR c r i t e r i o n has i t s e l f b e e n f o u n d t o 
have l i m i t a t i o n s . s i n c e e v e r y e n c o u n t e r 
s i t u a t i o n i s u n i q u e i n t e r m s o f j u x t a p o s i t i o n s 
and r e l a t i v e v e l o c i t i e s o f v e s s e l s i n v o l v e d . 
S e c t i o n U d e a l s w i t h t h e p r o v i s i o n o f a l o o k -
ahead f a c i l i t y w h i c h o p t i m i s e s s e l e c t i o n o f 
t h e a p p r o p r i a t e RDRR f o r a p a r t i c u l a r 
e n c o u n t e r . 
The e x p e r t s y s t e m ( E S ) c o n s i s t s o f an 
i n f e r e n c e eng i n e , or l o g i c a l f r a m e w o r k , 
a p p l i e d t o a r u l e base c o n s i s t i n g o f 
d i r e c t i v e s on p r e f e r r e d / a l t e r n a t i v e a c t i o n s a t 
v a r i o u s s t a g e s o f d i f f e r e n t t y p e s o f 
e n c o u n t e r . The r u l e s a r e s t r u c t u r e d i n t o a 
h i g h l y f l e x i b l e s t a t e t a b l e . i d e n t i f y i n g 
d i f f e r e n t s e q u e n c e s o f m a n o e u v r i n g s t a g e s 
a p p r o p r i a t e t o d i f f e r e n t e n c o u n t e r t y p o s ; more 
c o m p l e x m a n o e u v r e s . i n c l u d i n g v a r i o u s 
e m e r g e n c y o p t i o n s , may be added t o t h e r u l e s 
by s i m p l y e x t e n d i n g t h e ' b i n a r y t r e e ' d a t a 
s t r u c t u r e w h i c h h o l d s t h e o . The r u l e s f u n c t i o n 
by r e f e r e n c e t o t h e k n o w l e d g e b a s e r e f e r r e d t o 
p r e v i o u s l y . Each r u l e i n c o r p o r a t e s a d e c i s i o n 
f u n c t i o n , u s u a l l y i n v o l v i n g e x t e n s i v e 
t r i g o n o m e t r i c a l c a l c u l a t i o n s b a s e d on v e l o c i t y 
and d i s p l a c e m e n t v e c t o r s , p l u s p o s s i b l y 
i n t e r s e c t i o n s o f t u r n i n g a r c s and d o m a i n s . The 
ES o p e r a t e s on a 2 0 - s e c o n d t i c i e i n t e r v a l , 
e v a l u a t i n g t h e c u r r e n t s c e n a r i o a t each s t e p 
and a d v i s i n g on p r e f e r r e d a c t i o n . 
The u s e r i n t e r f a c e i s b a s e d on a Windows-
I c o n s - M o u s e - P o i n t e r S y s t e m (VJMPS) e n v i r o n -
m e n t , t h e o u t p u t d i s p l a y c o m p r i s i n g t h r e e 
w i n d o w s : 
( 1 ) a g r a p h i c s w i n d o w s h o w i n g t r a c k s o f own-
s h i p and any r e l e v a n t h a z a r d s i n t h e 
v i c i n i t y , i n d i f f e r e n t c o l o u r s ; 
s e q u e n t i a l l y - n u m b e r e d m a r k e r s a r e use d on 
ea c h t r a c k t o show c o r r e s p o n d i n g 
p o s i t i o n s i n t i m e ; 
The u s e r i n t e r f a c e i s t o t a l l y m o u s e - d r i v e n , 
w i t h menus a c t i v a t e d and o p t i o n s s e l e c t e d by 
mouse and p o i n t e r o p e r a t i o n . I t i s e n v i s a g e d 
t h a t a t a l a t e r s t a g e t h e r e w i l l be a 
r e q u i r e m e n t f o r t e x t i n p u t t o s u p p l e m e n t t h e 
k n o w l e d g e b a s e ; t h i s , t o o , w i l l be s i m p l i f i e d 
by t h e use o f d i a l o g b oxes ( s u c h b o x e s a r e 
a l r e a d y e x t e n s i v e l y used i n s i m u l a t i o n 
e x e r c i s e s on t h i s s y s t e m - see s e c t i o n 5 ) . 
C l e a r l y . i t 
m u l t i p l i c i t y 
t h e i n i t i a l 
r a i s i n g t h e 
C o n s e q u e n t 1y . 
c o n s i d e r s o n l y 
d e t a i l , a t t h e 
i s n o t p o s s i b l e t o e v a l u a t e a 
o f o p t i o n s a t e a c h s t a g e ( f r o m 
v i e w p o i n t ) w i t h o u t e x p o n e n t i a l l y 
number o f l o o k - a h e a d s i m u l a t i o n s , 
t h e l o o k - a h c o d o p t i m i s a t i o n 
t h e f i r s t - s t o g e m a n o e u v r e i n 
sane t i m e e n s u r i n g t h a t a way 
t h r o u g h t o c o m p l e t i o n i s f e a s i b l e ; f u r t h e r 
s t a g e s a r e e v a l u a t e d i n d e t a i l as t h e y a r e 
a p p r o a c h e d . 
^. L o o k - A h e a d f o r S t r a t e g y O p t i m i s a t i o n 
I n a p r e v i o u s p a p e r [ 7 ] t h e a u t h o r s d e s c r i b e a 
t e c h n i q u e f o r p r e d e t e r m i n i n g a s a f e t i m e t o 
m a n o e u v r e i n o r d e r t o e n s u r e r e q u i r e d 
c l e a r a n c e o f a h a z a r d v e s s e l . T h i s P r e d e t e r -
m i n e d S a f e M a n o e u v r i n g T i o e (PSMT) has been 
f u r t h e r r e f i n e d t o d e r i v e an o p t i m a l m a n o e u v r -
i n g t i m e , b a s e d on a c o s t f u n c t i o n w h i c h t a k e s 
i n t o a c c o u n t d e v i a t i o n f r o m t r a c k , l o s s o f 
t i m e , l o s s o f s p e e d , e t c . An a d d i t i o n a l 
r e f i n e m e n t i s t h e c a p a c i t y f o r r e - e v a 1 u a t i o n 
o f s t r a t e g y on r e c e i v i n g d a t a on a new h a z a r d . 
As t h e ES i s i n f o r m e d by t h e ARPA m o d u l e o f a 
new h a z a r d , i t f i r s t I d e n t i f i e s w h e t h e r t h a t 
h a z a r d i s an i m m e d i a t e o r p o t e n t i a l f u t u r e 
t h r e a t . T h i s i s done by c o n s i d e r a t i o n o f a 
' s u p e r - d o m a i n * a b o u t o w n - s h i p , based on t h e 
D a v i s m o d e l [ o p . c i t . 6 ] ( s e e f i g u r e 6 ) . 
F i g u r e 6. S u p e r - D o m a i n used t o i d e n t i f y 
l i k e l y h a z a r d s . Own-ship t o p o r t . 
and w e l l t o r e a r . 
T y p i c a l r a d i u s : 5 
o f c e n t r e 
n a u t i c a 1 m i l e s . 
I f t h e new h a z a r d i s w i t h i n t h i s r e g i o n , o r 
i t s t r a c k w i l l c a r r y i t i n t o t h i s r e g i o n , t h e n 
i t i s r e g i s t e r e d i n t h e k n o w l e d g e base as a 
p o t e n t i a l t h r e a t , and t h e ' s t r a t e g y o p t i m i s e r ' 
r e v i e w s i t s d e c i s i o n s i n t h e l i g h t o f t h i s new 
d a t a . T h i s i n v o l v e s c o n s i d e r a t i o n o f a l a r g e 
number o f a l t e r n a t i v e m a n o e u v r i n g . t i m e s and 
r u d d e r s e t t i n g s , i d e n t i f y i n g w h i c h c o m b i n a t i o n 
g i v e s S u c c e s s f u l c l e a r a n c e w i t h Q i n i m u o c o s t ; 
i f a s e c o n d a r y m a n o e u v r e i s r e q u i r e d t o c l e a r 
t w o o r more h a z a r d s . t h i s i s l i k e w i s e 
c o n s i d e r e d f r o m an o p t i m i s a t i o n p o i n t o f v i e w . 
I t i s c o n s i d e r e d t h a t t h i s p a t t e r n c l o s e l y 
f o l l o w s t h e t e c h n i q u e a d o p t e d by human s h i p ' s 
• a s t e r s i n s u c h s i t u a t i o n s : d e v i s e on 
e f f i c i e n t s t r a t e g y f o r t h e i m m e d i a t e f u t u r e , 
w h i c h w i l l a l s o l e a v e o w n - s h i p i n a p o s i t i o n 
t o s u c c e s s f u l l y n e g o t i a t e t h r o u g h f u r t h e r 
h a z a r d s : as t h e e x t e n d e d s i t u a t i o n d e v e l o p s * 
e v o l v e f u r t h e r o p t i m a l s t r a t e g i e s t o c o v e r 
e a c h new e v e n t u a l i t y . 
5. The T e s t and D e v e l o p m e n t E n v i r o n m e n t 
C l e a r l y t h e E x p e r t S ystem i n i s o l a t i o n c a n n o t 
g i v e any m e a n i n g f u l I l l u s t r a t i o n o f i t s 
p e r f o r m a n c e i n r e a l - w o r l d c o n d i t i o n s . I n o r d e r 
f o r t h e s y s t e m t o f u n c t i o n a t a l l , t h e r e i s a 
need f o r c o n t i n u o u s s t r e a m e d i n p u t o f d a t o 
r e l a t i n g t o o w n - s h i p ond o t h e r v e s s e l s i n t h e 
v i c i n i t y . The f o r m e r w i l l be o b t a i n e d f r o m 
s e n s o r s a t t a c h e d t o r u d d e r , e n g i n e s e t c . , t h e 
l a t t e r f r o m r a d a r ( o r ARPA). As I n d i c a t e d i n 
s e c t i o n 1 , s u c h i n p u t s a r e n o t a v e r y 
p r a c t i c a l p r o p o s i t i o n f o r o n g o i n g s y s t e m 
d e v e l o p m e n t . Hence a s o p h i s t i c a t e d s i m u l a t e d 
t e s t e n v i r o n m e n t has been e v o l v e d t o m a t c h t h e 
n e e d s o f an i n c r e a s i n g l y s o p h i s t i c a t e d IKBS. 
The A c o r n A r c h i m e d e s RISC-OS I s a m u l t i t a s k i n g 
e n v i r o n m e n t , p e r m i t t i n g a number o f t a s k s t o 
f u n c t i o n p s e u d o - s i m u l t a n e o u s l y . M e s s a g i n g 
p r o t o c o l s e n a b l e c o m m u n i c a t i o n b e t w e e n t a s k s , 
g i v i n g s c o p e f o r i n t e r d e p e n d e n c e b e t w e e n 
s e p a r a t e a p p l i c a t i o n s . T i m e - i n i t i a t ed ' e v e n t s ' 
may be t r i g g e r e d on a o n e - o f f o r p e r i o d i c 
b a s i s . 
The n a t u r e o f t h e t a s k h a n d l e d by t h i s ES 
r e q u i r e s t h a t i t i n t e r a c t s w i t h o t h e r 
i n t e l l i g e n t e n t i t i e s - i n t h e f i n a l a n a l y s i s , 
t h e m a s t e r s o f o t h e r s h i p s . I t i s t h e r e f o r e 
a p p r o p r i a t e t h a t t h e o t h e r s h i p s i n t h e 
s i m u l a t e d e n v i r o n m e n t b e h a v e ' i n t e l l i g e n t l y ' -
i n a c c o r d a n c e w i t h some r e a s o n e d s t r a t e g y 
T h e r e i s a l s o a r e q u i r e m e n t f o r 
' o w n - s h i p ' , w h i c h i m p l e m e n t s t h e 
t h e ES and i n r e t u r n p r o v i d e s 
p o s i t i o n a l and b e h a v i o u r a l d a t a 
t h e ES. 
s i m u l a t e d 
d e c i s i o n s o f 
t h e o w n - s h i p 
e x p e c t e d by 
The t a r g e t a p p l i c a t i o n o f t h i s s i m u l a t e d 
e n v i r o n m e n t - t h e E x p e r t C o l l i s i o n A v o i d a n c e 
S y s t e m - f u n c t i o n s as one t a s k u n d e r RISC-OS. 
A s i m p l e o w n - s h i p s i m u l a t o r r u n s a s a s e p a r a t e 
a p p l i c a t i o n . ' s l a v e d ' t o t h e ES by c o n t r o l 
m e s s a g e s , and r e t u r n i n g s t a t u s i n f o r o a t i o n as 
r e q u i r e d . A n o t h e r a p p l i c a t i o n , t e r m e d ' h a z a r d 
s h i p ' , may be r e p l i c a t e d a n y n umber o f t i m e s 
( s u b j e c t t o memory l i m i t a t i o n s ) t o g i v e a 
number o f p o t e n t i a l h a z a r d s . E a c h t a s k i s 
i n i t i a l i s e d by s e l e c t i o n o f t h e a p p r o p r i a t e 
i c o n , and p r o v i d e d w i t h a l l n e c e s s a r y 
p a r a m e t e r s ( p o s i t i o n , c o u r s e a n d s p e e d f o r 
s h i p s . d o m a i n s i z e and p e r f o r m a n c e 
2 ) 
:3) 
a t e x t w i n d o w g i v i n g ( o n r e q u e s t ) a 
summary o f c i r c u m s t a n c e s and recommend-
a t i o n s t o d a t e , c r o s s - r e f e r e n c e d by 
s e q u e n t i a l l e t t e r i n g t o p o i n t s on own-
s h i p ' s t r a c k i n t h e g r a p h i c s window 
an o p t i o n a l s t a t u s 
c u r r e n t i n f e r m a c i o n 
o f o w n - s h i p , p e r c e i v e d 
o f m o s t t h r e a t e n i n g 
s e p a r a t i o n and t i m e t o 
m e n t , and p r e s e n t 
( ' c l e a r ' , ' r e a d y ' or 
m a n o e u v r e ) . 
w i n d o w , d i s p l a y i n g 
on s p e e d and c o u r s e 
speed and c o u r s e 
h a z a r d v e s s e l , 
d o m a i n i n f r i n g e -
e n c o u n t e r s t a l e 
s t a g e o f c u r r e n t 
Window ( 1 ) i n c o r p o r a t e s o ' p o p-up' menu w h i c h 
p e r m i t s : s e l e c t i o n o f l a r g o / s o a H s c a l e ; 1-
m i l e g r i d o n / o f f ( s u p e r i m p o s e d on d i s p l a y ) ; 
p r o v i s i o n / u p d a t e o f r e v i e w I n f o r m a t i o n i n 
w i n d o w ( 2 ) . The c o n t e n t s o f window ( 2 ) a r c 
i n i t i a l l y l i m i t e d t o b r i e f s t a t e m e n t s o f f a c t 
and a d v i c e ; t h i s window may be e x p a n d e d t o 
f u l l s c r e e n w i d t h ( c o v e r i n g w i ndow ( I ) ) t o 
a l l o w f u l l e r d e t a i l t o be g i v e n on each s t a g e . 
Much c o n s i d e r a t i o n has been g i v e n t o t h e b e s t 
f o r m a t f o r t h e g r a p h i c s w i n d o w , i n t e r m s o f 
t h e p o s i t i o n and m o t i o n o f o w n - s h i p w i t h i n 
t h i s w i n d o w : s h o u l d t h e d i s p l a y be Head-up o r 
N o r t h - u p ; s h o u l d o w n - s h i p be s t a t i c a t t h e 
c e n t r e and r e l a t i v e m o t i o n o f a l l o t h e r 
o b j e c t s shown? C l e a r l y , Head-up d i s p l a y 
i m p l i e s a r o t a t i o n a l t r a n s f o r m a t i o n o f a l l 
o t h e r g r a p h i c a l d a t a as o w n - s h i p e x e c u t e s a 
t u r n . The q u e s t i o n o f d i s o r i e n t a t i o n r e q u i r e s 
c a r e f u l c o n s i d e r a t i o n , b a l a n c i n g o b j e c t i v e / 
s u b j e c t i v e v i e w p o i n t s a g a i n s t ( f o r e x a m p l e ) 
d i s t o r t i o n o f t r u e s h i p t r a c k s by a d i s p l a y o f 
r e l a t i v e m o t i o n . P o s s i b l y t h e most s i g n i f i c a n t 
f a c t o r I s t h e o n g o i n g n a t u r e o f t h e t a s k ; 
s i m p l e c o n t i n u o u s p l o t t i n g o f s h i p t r a c k s i n 
a b s o l u t e m o t i o n w i l l q u i c k l y l e a d co o w n - s h i p 
b e i n g ' l o s t ' o f f t h e edge o f t h e d i s p l a y . 
The s o l u t i o n p r o p o s e d , and i n t h e p r o c e s s o f 
i m p l e m e n t a t i o n , i s t h e p l o t t i n g o f a b s o l u t e 
s h i p t r a c k s ( s h o v i n g t r u e m o t i o n ) u s i n g a 
v a r i a n t o f t h e ' r o l l i n g r o a d ' p r i n c i p l e : a 
b o u n d a r y ( n o c d i s p l a y e d ) i s f i x e d 2SZ o f t h e 
way i n f r o m e a c h edge o f t h e w i ndow ( s e e 
f i g u r e 3 ) : a s o w n - s h i p r e a c h e s t h i s b o u n d a r y , 
t h e w h o l e d i s p l a y i s r e l o c a t e d b ack t o a 
p o s i t i o n s u c h t h a t o w n - s h i p i s a t t h e c e n t r e 
o f t h e d i s p l a y . I n t h i s way, a t l e a s t t h e 5 0 t 
o f t h e d i s p l a y a r o u n d o w n - s h i p ( h o r i z o n t a l l y 
and v e r t i c a l l y ) a t any t i m e i s m a i n t a i n e d 
i n t a c t , g i v i n g c o n t i n u i t y and m i n i m i s i n g 
d i s o r i e n t a t i o n . I t I s a c c e p t e d t h a t p e r i o d i c 
' j u m p s ' i n t h e d i s p l a y may r e q u i r e a d e g r e e o f 
' a c c l i m a t i s a t i o n ' , b u t t h i s I s c o n s i d e r e d o f 
m i n o r s i g n i f i c a n c e by c o m p a r i s o n w i t h e i t h e r 
o f t h e t w o a l t e r n a t i v e s : r e l a t i v e m o t i o n g i v e s 
a d i s t o r t e d v i e w o f m a n o e u v r e s , l e a d i n g t o a 
t o t a l l y f a l s e a p p r a i s a l o f any s i t u a t i o n ; f u l l 
w i n d o w w r a p a r o u n d ( o f f t h e s i d e - b ack on t h e 
o t h e r s i d e , o f f t h e t o p - b ack on t h e b o t t o m , 
and v i c e v e r s a ) c o u l d be e x t r e m e l y u n t i d y 
w i t h o u t b e i n g v e r y h e l p f u l . 
The r e v i e w t e x t m a r k s a d e p a r t u r e f r o o 
c o n v e n t i o n a l e x p e r t s y s t e m s t e c h n o l o g y . i n 
t h a t t h e o b s e r v a t i o n s and a d v i c e g i v e n a r e 
t i m e - c o n s t r a i n e d . The l o g i c a l a n a l y s i s o f 
' t h i s i s so and t h a t i s s o , t h e r e f o r e t h e 
f o l l o w i n g i s t r u e ' p r o v i d e s an i n a d e q u a t e 
m o d e l f o r s u c h t i m e - b a s e d d e c i s i o n p r o c e s s e s . 
( b ) 
I 
> 1 tf. 
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\ 
F i g u r e 5. ' R o l l i n g Sea' d i s p l a y f o r m a t , k e e p i n g 
o w n - s h i p i n c e n t r e s e c t i o n , 
( d o t t e d l i n e i s n o t shown on s c r e e n ) 
( a ) . ( b ) . ( c ) a t 2 - o i n u t u t e i n t e r v a l s 
The c o r r e s p o n d i n g l o g i c p a t t e r n i s o f t h e f o r m 
' t h i s was so t h r e e m i n u t e s a g o , s o - a n d - s o has 
o c c u r r e d s i n c e , i n d i c a t i n g t h a t t h e f o l l o w i n g 
w i l l be t r u e i n t w e l v e m i n u t e s - u n l e s s s u c h -
a n d - s u c h h a p p e n s , i n w h i c h c a s e t h e 
c o n s e q u e n c e s w i l l be e t c . I n s h o r t , t h e 
added d i m e n s i o n o f t i n e b r o a d e n s t h e w h o l e 
d e c i s i o n p r o c e s s , m a k i n g any c l e a r r e s u m ^ o f 
t h a t p r o c e s s a v e r y d e m a n d i n g t a s k . T h i s i s 
p a r t i c u l a r l y t r u e i n t h e l i g h t o f t h e 
r e q u i r e m e n t t o p r e s e n t p e r t i n e n t i n f o r m a t i o n 
i n a s u c c i n c t , e a s i 1 y - d i g e s t e d f o r o . Hence t h e 
f o r m a t o f s h o r t , p i t h y c o m o e n t s w i t h s c o p e f o r 
e x p a n s i o n on r e q u e s t . The r e v i e v w i n d o w may 
a l s o be s c r o l l e d up and down. t o v i e w t h e 
c o m p l e t e t i m e - s p e c t r u m o f e v e n t s . 
h a r o c t e r i S t i c s f o r ES ) t h r o u g h d i a l o g b o x e s 
a l l o r e d t o t h i s p u r p o s e . 
c c i v i t i e s o f t h e v a r i o u s v e s s e l s a r e 
l y n c h r o n i s e d by r e g u l a r m essages b r o a d c a s t 
i r o u n d t h e s y s t e m by a s e p a r a t e 'ARPA' m o d u l e 
n r e s p o n s e t o r e g u l a r t r i g g e r i n g by t h e 
n t e r v a l t i m e r . 2 0 - s e c o n d I n t e r v a l s a r e 
: u r r c n t l y s i m u l a t e d by 1-second s t e p s , i . e . 
! 0 x r e a 1 - t i m e ; t h i s s p e e d - u p f a c t o r may be 
e d u c e d as I n c r e a s e d s o p h i s t i c a t i o n o f t h e ES 
l u t s g r e a t e r demands on t h e p r o c e s s o r . 
'he m a i n f u n c t i o n o f t h e ARPA a p p l i c a t i o n 
l o d u l e i s t o r e c e i v e ' r a d a r ' d a t a messaged 
rom e a c h h a z a r d v e s s e l , and p a s s on t o t h e ES 
inch d a t a f o r a l l v e s s e l s w i t h i n r a d a r r a n g e . 
I . e . t h e ES w i l l n o t be con>fersant w i t h t h e 
l e t a i l s o f a l l h a z a r d s c u r r e n t l y a c t i v e , o n l y 
:hosc w i t h i n s p e c i f i e d r a d a r r a n g e ( e . g . 15 
l a u t i c a l m i l e s ) . 'Radar' d a t a on o w n - s h i p i s 
l i k e w i s e r e t u r n e d t o a l l s h i p s w i t h i n r a n g e . 
is p r e v i o u s l y o b s e r v e d , i t i s n e c e s s a r y t h a t 
l a z a r d v e s s e l s a c t i n a c c o r d a n c e w i t h r e a s o n e d 
s t r a t e g i e s . W i t h t h i s i n m i n d , t h e ' h a z a r d 
j h i p ' a p p l i c a t i o n i n c o r p o r a t e s a s i m p l i f i e d 
v e r s i o n o f t h e ES, e n a b l i n g I t t o f u n c t i o n 
a c c o r d i n g t o t h e c o l l i s i o n a v o i d a n c e 
r e g u l a t i o n s . I n o r d e r t o t e s t e m e r g e n c y 
D a n o c u v r i n g by t h e ES. each h a z a r d 
i n c o r p o r a t e s an o p t i o n a l manual o v e r r i d e , 
a l l o w i n g t h e o p e r a t o r t o c o n t r o l t h e v e s s e l 
i n t o a r e q u i r e d s i t u a t i o n . 
Dne d i f f i c u l t y I n d e v e l o p i n g an e n v i r o n m e n c 
w i c h a n I n t e l l i g e n t r e s p o n s e i s t o know w h e r e 
t o s t o p . F o r e x a m p l e . s h o u l d t h e ES t a k e 
a c c o u n t o f t h e p o s s i b l e r e a c t i o n o f H a z a r d 3 
t o t h e l i k e l i h o o d o f a v o i d a n c e m a n o e u v r e s by 
H a z a r d 2 a r o u n d H a z a r d 1?? I t h as been d e c i d e d 
no t t o t r y Co s e c o n d - g u e s s che l i k e l y r e s p o n s e 
o f one h a z a r d t o a n o t h e r ( a s o p p o s e d t o t h e i r 
r e s p o n s e t o o w n - s h i p ) ; i n c o n s e q u e n c e , t h e 
s i m p l i f i e d ES i n each h a z a r d o n l y r e s p o n d s t o 
Che t h r e a t f r o m o w n - s h i p . n o t f r o m o t h e r 
h a z a r d s . T h i s h i g h l i g h t s a b a s i c r a t i o n a l e o f 
t h e t e s t e n v i r o n m e n t : t h e r e i s no m e r i t i n 
m a k i n g i t more s o p h i s t i c a t e d t h a n t h e t a r g e t 
ES c a n make u s e o f f o r t e s t p u r p o s e s . 
A new h a z a r d may be i n t r o d u c e d a t any t i m e by 
t h e o p e r a t o r , e i t h e r w i t h i n o r o u t s i d e r a d a r 
r a n g e . I f i t i s w i t h i n r a n g e , d a t a on t h a t 
v e s s e l i s a u t o m a t i c a l l y passed t o t h e ES by 
t h e ARPA m o d u l e . I f i t i s o u t o f r a n g e , t h e 
ARPA m o d u l e r e c o r d s i t s p r e s e n c e b u t d o e s n o t 
c o o i & u n i c a c e d a t a on t h i s v e s s e l t o t h e ES. I f 
a h a z a r d p a s s e s f r o m w i t h i n r a d a r r a n g e t o 
o u t s i d e t h a t r a n g e , or i s r e c o g n i s e d by t h e 
ARPA a s i n c r e a s i n g i t s s e p a r a t i o n f r o m own-
s h i p ( w h i l s t o u t o f r a n g e ) , t h e n c h a t h a z a r d 
a p p l i c a t i o n m o d u l e i s a u t o m a t i c a l l y c l o s e d 
d o w n , a n d t a k e s no f u r t h e r p a r t i n t h e 
s i m u l a t i o n e x e r c i s e . 
The s i m u l a t i o n e n v i r o n m e n t , t h e n , c o m p r i s e s an 
o w n - s h i p s i m u l a t o r and an i r r e g u l a r s t r e a m o f 
h a z a r d v e s s e l s . As each h a z a r d comes i n t o 
r a d a r r a n g e Che ES ' c o n s i d e r s ' i t as a 
p o t e n t i a l t h r e a t , and a d o p t s an a p p r o p r i a t e 
s t r a t e g y i f n e c e s s a r y ; one s t r a t e g y may h a n d l e 
j u s t a s i n g l e t h r e a t , or encompass a number o f 
h a z a r d v e s s e l s . As each h a z a r d c e a s e s t o be a 
p o t e n t i a l t h r e a t and d i s a p p e a r s f r o m r a d a r 
' v i s i o n ' , i t i s d e l e t e d f r o m t h e ES k n o w l e d g e 
b a s e , and c l o s e d down as an a p p l i c a t i o n i n t h e 
s i m u l a t i o n , l e a v i n g room f o r f u r c h c r h a z a r d s . 
N a t u r a l l y , o n l y h a z a r d s w i t h i n r a d a r r a n g e a r e 
p l o t t e d on t h e ES g r a p h i c d i s p l a y , and t h e n 
o n l y i f t h e y pose a p r e s e n t o r f u t u r e 
p o t e n t i a l t h r e a t ( s e e s e c t i o n 
6. C o n c l u s i o n s 
The t e s t e n v i r o n m e n t d e s c r i b e d h e r e p r o v i d e s a 
t h o r o u g h b a s i s Cor v a l i d a t i o n o f che E x p e r t 
C o l l i s i o n A v o i d a n c e S y s t e m . p r i o r t o a c t u a l 
sea t r i a l s . A c o n t i n u o u s , b u t i r r e g u l a r , 
s t r e a m o f h a z a r d s c o r r e s p o n d s t o r e a l - l i f e 
c i r c u m s t a n c e s f o r s u c h d e c i s i o n - o a k i n g . Each 
h a z a r d c a r r i e s t h e a b i l i t y f o r I n t e l l i g e n t 
a v o i d a n c e i n i t s own r i g h t , b u t w i t h s c o p e f o r 
o v e r r i d i n g s u c h d e c i s i o n s , t h u s c r e a t i n g t h e 
t y p e o f ' r o g u e s h i p ' o r ' v e s s e l i n d i s t r e s s ' 
s i t u a t i o n e n c o u n t e r e d i n r e a l i t y . 
I t i s a c k n o w l e d g e d t h a t a c t u a l s e n s o r y i n p u t 
may c a r r y ' n o i s e ' o r i n a c c u r a c i e s n o t i n c l u d e d 
i n t h i s s i m u l a t e d e n v i r o n m e n t ; t h i s i s a 
p o s s i b l e a r e a f o r e n h a n c e m e n t o f t h e m u l t i -
t a s k i n g t e s t e n v i r o n m e n t d e v e l o p e d so f a r . The 
r u l e s t r u c t u r e i n t h e E x p e r t S y s t e m w i l l a l s o 
be m o d i f i e d t o t a k e a c c o u n t o f s u c h p o s s i b l e 
d e g r a d a t i o n s o f i n p u t d a t a . 
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APPENDIX D 
LISTING OF CURRENT SYSTEM RULES 
The f o l l o w i n g pages c o n t a i n a computer p r i n t o u t of the r u l e s c u r r e n t l y 
used w i t h i n the system. The r u l e s a r e h e l d i n an ( e x t e n d a b l e ) a r r a y of 
s t r u c t u r e s , each s t r u c t u r e h o l d i n g the r e l e v a n t i n f o r m a t i o n f o r one node 
w i t h i n the b i n a r y d e c i s i o n t r e e which comprises the r u l e b a s e . The 
n a t u r e of each node s t r u c t u r e i s a s f o l l o w s : 
( a ) a p o i n t e r to a boolean d e c i s i o n f u n c t i o n which d e t e r m i n e s which 
branch of the r u l e t r e e i s f o l l o w e d ; 
( b ) a t e x t s t r i n g to be d i s p l a y e d i n the ' s t a t u s ' window w h i l s t the 
r u l e i s a c t i v e (blank i n the c a s e of ' t r a n s i e n t ' r u l e s , which 
immediately a c t i o n f u r t h e r r u l e s ) ; 
( c ) a s u b - s t r u c t u r e f o r each of the branches ('yes' and *no*), h o l d i n g 
i n f o r m a t i o n r e l a t i n g to subsequent a c t i o n should the boolean 
f u n c t i o n r e t u r n ' t r u e ' or ' f a l s e ' r e s p e c t i v e l y ; each s u b - s t r u c t u r e 
c o n s i s t s of 
( i ) a r e f e r e n c e p o i n t i n g to the next r u l e to be a c t i o n e d ; 
( i i ) rudder p o s i t i o n ( p o r t , s t a r b o a r d , ahead) f o r next s t a g e ; 
( i i i ) i n d i c a t o r f o r d e f e r r e d or immediate a c t i o n (1 or 0 ) ; 
( i v ) i n d i c a t o r f o r review t e x t (1 i f t e x t t o be added); 
( v ) two l i n e s of review t e x t , i f a p p r o p r i a t e . 
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/* F I L E CONTAINING RULE DEFINITIONS FOR SHIPS APPLICATION 
It C r e a t e d 14/5/90 - Updated 21/5/90, then a g a i n 27/5/90 
*/ 
£de+ine FULL_DGM TRUE 
C d e f i n e HIN_DOM FALSE 
C d e f i n e N0_ACTION 99 
£define USUAL TRUE 
f d e f i n e EMR6NCY FALSE 
E d e f i n e JUMP FALSE 
typedef s t r u c t 
C 
i n t n e x t _ r u l e ; 
i n t change; 
BOOL d e f e r : l ; 
BOOL l a b e l : l ; 
c h a r * r e v i e w t 2 3 ; 
> Option; 
/* I n f o f o r each YES or NO branch i n r u l e s */ 
/• a r r a y r e f - f o r next node */ 
/* rudder p o s i t i o n f o r next s t a g e */ 
/* d e f e r move t o next r u l e •/ 
/* add l e t t e r t o revie w , and on t r a c k •/ 
/* d e c i s i o n t e x t f o r rev i e w »/ 
typedef s t r u c t 
{ 
BOOL («fptr)(); 
char * s t a t ; 
Option y es; 
Option no; 
> Enc; 
/• One n o d e / s t a t e i n r u l e s t r u c t u r e */ 
/* p o i n t e r t o d e c i s i o n f u n c t i o n */ 
/• s t a t u s l i n e i n f o w h i l e r u l e a c t i v e •/ 
/» r e l e v a n t i n f o i f TRUE */ 
/* r e l e v a n t i n f o i f FALSE »/ 
s t a t i c char A l l C l e a r l C ] = "Course now c l e a r . " ; 
s t a t i c char A l l C l e a r 2 C 3 = "Back on i n i t i a l heading"; 
/**•» FOLLOWS DECLARATIONS OF BOOLEAN DECISION FUNCTIONS FOR RULES ****/ 




/* Hazard w i t h i n BALLPARK? I f so, c a l c u l a t e psmt */ 
/* I s hazard w i t h i n psmt range y e t ? */ 
/* I s t h i s a head-on e n c o u n t e r ? •/ 
/* Has a c l e a r t u r n been e f f e c t e d y e t ? •/ 
BOOL t u r n over(PROTAGS); /* has t u r n c l e a r e d domain ? */ 
/* I s hazard a b a f t of beam, p o r t s i d e ? */ 
/# I s own-ship back on s e t c o u r s e ? */ 
/• I s own-ship i n h a z a r d ' s o v e r t a k i n g s e c t o r ? */ 
/* Are two s h i p s on n e a r - p a r a l l e l c o u r s e s ? */ 
/* S a f e t o r e t u r n t o c o u r s e ( I f haz ON c o u r s e ) ? */ 







BOOL no_intersect(PROTAGS, double t u r n _ c i r _ r a d , double t u r n _ c i r _ p o s x , 
double t u r n _ c i r _ p o s y , double «>:, double * y ) ; 
/*Does own t u r n i n g c i r c l e c u t haz domain? »/ 
BOOL tst_pas!(PROTAGS); (Own-ship) O v e r t a k i n g from p o r t s i d e ? •/ 
BOOL tst_pas2(PROTAGS); /» OK t o p a r a l l e l - u p and o v e r t a k e ahead, s t b d ? •/ 
BOOL chekpas2(PROTAGS); /* Own-ship now on p a r a l l e l c o u r s e t o h a z a r d ? */ 
BOOL tst_hepass(PROTAGS); /* I s hazard i n own-ship's o v e r t a k i n g s e c t o r ? •/ 
BOOL tst_hedone(PROTAGS); /* I s way c l e a r , and hazard back on c o u r s e ? •/ 
BOOL look_emergency(PROTAGS); /* Decide on time a t which emergency a c t i o n */ 
/• should be ta k e n */ 
BOOL t5t_rdrr_eraergency(PROTAGS); /* I s i t time t o check f o r p o s s i b l e */ 
/• emergency */ 
BOOL tst _ a c t i o n ( P R O T A G S ) ; /» W i l l emergency a c t i o n be r e q u i r e d ? •/ 
BOOL ts t _ h _ a c t i o n ( P R O T A B S ) ; /* Has h a z a r d taken a c t i o n ? »/ 
BOOL tst_emergency(PROTAGS); /* Minimum domain i n danger - emergency ? */ 
BOOL tst^ucros(PROTAGS); /• I s h a z a r d t o s t a r b o a r d of own-ship? •/ 
BOOL chekcro5s(PR0TABS); /• Hazard now t o p o r t of own-ship? (REVIEW I N F ? ) * / 
BOOL ts t _ c r s B ( P R O T A B S ) ; /* Hazard 15+ degre e s o f f p o r t bow, & way c l e a r ? */ 
BOOL dizzy(PROTAGS); /* TEMPORARY EMERGENCY MANOEUVRE •/ 
FUNCTIONS USED BY DECISION FUNCTIONS ARE DECLARED BELOW ••*•**•*/ 
e x t e r n v o i d get_psmt(PROTAGS); /* S i m u l a t i o n t o get psmt */ 
e x t e r n v o i d get_t_emergency(PROTAGS) ? /• S i m u l a t i o n f o r emergency »/ 
/* a c t i o n i f n e c e s s a r y •/ 
e x t e r n BOOL look_ahead(PROTAGS, c o s t _ s t r u c t *cost,BOOL type, I n t s t a g e , 
double rudder, double psmt, double r e q _ t u r n ) ; 
/* Common look ahead r o u t i n e f o r #/ 
/* psmt and emergency */ 
e x t e r n BOOL yes_turn(PROTAGS, double r u d d e r ) ; /* W i l l t u r n c l e a r domain ? */ 
/* f o r get psmt r o u t i n e •/ 
S t a t i c double chekangle(double a n g l e ) ; /* P u t s a n g l e i n 0->2»Pi */ 
s t a t i c double anglegap(double angleA, double a n g l e B ) ; /* D i f f ' c e , 0->Pi »/ 
s t a t i c double f i x a n g l e ( d o u b l e x f a c t o r , double y f a c t o r ) ; / * V e c t o r : 0->2*Pi */ 
s t a t i c v o i d f i n d t t g (PROTAGS, BOOL f u l l d o m ) ; Time t o domain breach »/ 
s t a t i c BOOL oncourse(Own_Ship *own, double t r a c k ) ; /* heading = ' t r a c k ' ? */ 
**iHHne»*«****»»*#/ 
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/*** FOLLOWS NODE STRUCTURES FOR RULE BASE •**/ 
/*e NB STATUS LINE COMMENT I S Blank FOR RULE NEVER STOPPED AT */ 
Enc r u l e C ] = /* Array of r u l e s */ 
i 
/* £0 ANY HAZARD WITHIN RANGE YET? I F SO, SET PSMT */ 
{ a l l _ c l e a r , " c l e a r " , 
( 1 , STET, 0, 1, {"Hazard w i t h i n range-", "POMT s e t a t eP mins.''>>, 
{0, STET, 1, 0, (Blank, Blank>>>, 
/• £1 WITHIN PSMT LIMIT YET? */ 
( i n ^ a r e n a , "ready", 
{ 2 , STET, 0, 1, C"@T mine t o a n t i c i p a t e d " , "Domain infringement-">>, 
C I , STET, 1, 0, CBlank, Blank>>>, 
/• £2 HEAD-ON ENCOUNTER, OR SOME OTHER TYPE? »/ 
{ t s t _ h d o n . Blank, 
{ 3 , STBD, 1, 0, ("Head-on encounter.", "Turn@A/6->stbd.">>, 
(6 , STET, 0, 0, (Blank, Blank>>>, 
/* £3 COMPLETED HEAD-ON STAGE A? •/ 
( t u r n_over, "meet_A", 
(4, AHEAD, 1, 1, ("@C+ deg t u r n . No t h r e a t " , "to domain. Hold course.">>, 
(3, STET, 1, 0, (Blank, Blank>>>, 
/» £4 COMPLETED HEAD-ON STAGE B? »/ 
( t s t _ m t B , "meet_B", 
( 5 , PORT, 1, 1, ("Hazard 90+ degs t o p o r t " , " A l t e r - b a c k . " > > , 
(4, STET, 1, 0, (Blank, Blank>>>, 
/» £5 COMPLETED HEAD-ON STAGE C? »/ 
(chekover, "meet_C", 
(0, AHEAD, 1, 1, ( A l l C I e a r l , A l l C l e a r 2 J > , 
(5, STET, 1, 0, (Blank, Blank>>>, 
/* £6 OWN-SHIP OVERTAKING, OR HAZARD (OR X i n g ) ? */ 
( t s t _ u p a s s , Blank, 
(7, AHEAD, 0, 0, (Blank, B l a n k } > , 
(22, STET, 0, 0, (Blank, Blank>>>, 
/• £7 NEAR-PARALLEL, OR OTHER, OVERTAKING? */ 
( t s t _ p a s O , Blank, 
C a , STBD, 1, 0, ("Overtaking, n r - p a r a l l e i " , "course. TurneA/6->stbd.">>, 
( U , STET, 0, 0, (Blank, Blank>>J, 
/« £8 COMPLETED PASSING_0 STAGE A? (NR-PARALLEL, ->STBD> */ 
( t u r n _ o v e r , "passO_A", 
(9 , AHEAD, 1, 1, {"@C+ deg t u r n . No t h r e a t " , "to domain. Hold c o u r s e . ">>, 
(8, STET, 1, 0, (Blank, Blank>>>, 
/* £9 COMPLETED PASSING_0 STAGE B? */ 
( c l e a r e d , "pas50_B", 
(10, PORT, 1, 1, ("Safe t o resume i n i t i a l " , "heading. Al t e r - b a c k . " > > , 
( 9 , STET, 1, 0, (Blank, Blank>>>, 
/* £10 COMPLETED PASSING_0 STAGE C? */ 
(chekover, "passO_C", 
(0, AHEAD, 1, 1, ( A U C l e a r l , A I l C l e a r 2 > > , 
(10, STET, 1, 0, (Blank, Blank>>>, 
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/» £11 PASS BEHIND FROM PORT, OR PASS FROM STARBOARD? »/ 
{ t s t _ p a s l , Blani;, 
<12, STBD, 1, 0, f O v e r t a k e from haz p o r t " , " q u a r t e r - Turn@A/6->stbd">>, 
{15, STET, 0, 0, {Blank, Blank>>>, 
/* £12 COMPLETED PASSING,! STAGE A? (BEHIND PORT->STBD) •/ 
{ 
turn_DVGr, " p a s s l _ A " , 
{13, AHEAD, 1, 1, {"eC+ deg t u r n . No t h r e a t " , " to domain. Hold course.">>, 
{12, STET, 1, 0, {Blank, Blank>>>, 
/» £13 COMPLETED PASSIN6_1 STAGE B? •/ 
{ c l e a r e d , " p a s s l _ B " , 
{14, PORT, 1, 1, {"Safe t o resume i n i t i a l " , "heading- A l t e r - b a c k . " > > , 
{13, STET, 1, 0, {Blank, Blank»>, 
/* £14 COMPLETED PASSIN6_1 STAGE C? */ 
{chekover, " p a s s l . C " , 
{0, AHEAD, 1, 1, { A U C l e a r l , A l l C l e a r 2 > > , 
{14, STET, 1, 0, {Blank, Blank>}>, 
/« £15 PARALLEL-UP & OVERTAKE AHEAD, OR BEHIND STBD->PORT? */ 
{ t s t _ p a s 2 . Blank, 
{16, STBD, 1, 0, {"Overtake ahead t o s t b d . " , "eA/6->stbd, p a r a l l e l - u p " > > , 
{19, PORT, 1, 0, {"Overtake from har s t b d " , " q u a r t e r - Turn @A/6->port"}>>, 
/* £16 COMPLETED PASSING_2 STAGE A? (PARALLEL-UP, STBD SIDE) #/ 
{chekpas?, "pass2_A", 
{17, AHEAD, 1, 1, {"Courses now p a r a l l e l - " , "Hold course.">>, 
{16, STET, 1, 0, {Blank, Blank>>>, 
/• £17 COMPLETED PASSING_2 STAGE B? */ 
{ c l e a r e d , ••pass2_B", 
{18, PORT, 1, 1, {"Safe t o resume i n i t i a l " , "heading- A l t e r - b a c k - " > > , 
{17, STET, 1, 0, {Blank, Blank>>>, 
/# £18 COMPLETED PASSING_2 STAGE C? «/ 
{chekover, "pass2_C", 
{0, AHEAD, 1, 1, { A l l CI e a r l , A l l C l e a r 2 > > , 
{18, STET, 1, 0, {Blank, Blank>>>, 
/• £19 COMPLETED PASSING_3 STAGE A? (BEHIND STBD->PORT) */ 
{ t u r n _ o v e r , "pa5s3_A", 
{20, AHEAD, 1, 1, {"eC+ deg t u r n . No t h r e a t " , "to domain. Hold course.">>, 
{19, STET, 1, 0, {Blank, Blank>>>, 
/* £20 COMPLETED PASSING_3 STAGE B? */ 
{ c l e a r e d , "pass3_B", 
{21, STBD, 1, 1, {"Safe t o resume i n i t i a l " , "heading. A l t e r - b a c k . " > > , 
{20, STET, 1, 0, {Blank, Blank>>>, 
/• £21 COMPLETED PAS5ING_3 STAGE C? */ 
(chekover, "pass3_C", 
{0, AHEAD, 1, 1, { A l l C l e a r l , A l l C l e a r 2 > > , 
{21, STET, 1, 0, {Blank, Blank>>>, 
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/* £22 HAZARD OVERTAKING OWN-SHIP? <ELSE CROSSING ENG.) •/ 
{ t s t _ h e p a s s . Blank, 
(27, AHEAD, 1, 0, {"Overtaking e n c o u n t e r . " , "Own-ship stand-on.">>, 
C23, STET, 0, 0, <Blank, Blanl;>>>, 
/* £23 CROSSING:- OWN-SHIP GIVE-WAY or STAND-ON? */ 
C t s t _ u c r o s , Blank, 
{24, STBD, 1, 0, { " C r o s s i n g - haz t o s t b d . " , "TurneA/6->stbd">>, 
{27, AHEAD, 1, 0, { " C r o s s i n g e n c o u n t e r . " , "Own-ship stand-on."}>>, 
/* £24 COMPLETED CROSSING STAGE A? */ 
{che l ; c r o s s , "cross^A", 
{25, AHEAD, 1, 1, {"@C+ deg t u r n . No t h r e a t " , " to domain. Hold course.">>, 
{24, STET, 1, 0, {Blank, Blank>>>, 
/* £25 COMPLETED CROSSING STAGE B? */ 
{ t s t _ c r s B , " c r o s s _ B " , 
{26, PORT, 1, 1, {"Haz 15+ degs t o p o r t o f " , " i n i t i a l hdg. Alter-back">>, 
{25, STET, 1, 0, {Blank, Blank>>>, 
/* £26 COMPLETED CROSSING STAGE C? */ 
{chekover, " c r o s s _ C " , 
{0, AHEAD, 1, 1, { A l l C I e a r l , A l l C l e a r 2 > > , 
{26, STET, 1, 0, {Blank, Blank>>>, 
/• £27 CALCULATE TIME TO TAKE EMERGENCY MANOEUVRE »/ 
{1 oo k _emer g en c y, " s t an d on ", 
{28, AHEAD, 1, 0, {"Emergency RDRR s e t " , " a t @R minutes">>, 
{27, STET, 1, 0, {Blank, Blank>>>, 
/• £28 TIME TO CHECK EMERGENCY •/ 
{ t s t _ r d r r _ e r a e r g e n c y , " a l e r t " , 
{30, AHEAD, 0, 0, (Blank,Blank>>, 
{29, STET, 0, 0, {Blank, Blank>>>, 
/* £29 HAZARD TAKING ACTION ? •/ 
{ t s t _ h _ a c t i o n , " a l e r t " , 
(32, AHEAD, 1, 0, {"Hazard d i v e r t e d " , "No Emergency">>, 
(28, STET, 1, 0, {Blank, Blank>>>, 
/• £30 I S ACTION NECESSARY #/ 
{ t s t _ a c t l o n , " e m r g n c y " , 
{31,STBD, 0, 1, {"Emergency s i t u a t i o n " , " A l t e r i n g C o u r s e " } } , 
{32, STET, 0, 1, ("Near Miss s i t u a t i o n " , " C o n t i n u i n g on c o u r s e " } } } , 
/•£31 RUN ROUND IN CIRCLES!! «/ 
{dizzy,"emrgncy", 
{0 ,AHEAD, 1, 1, { A l l C l e a r l , A l l C l e a r 2 } } , 
{31, STET, 1, 0, {Blank, B l a n k } } } , 
/* £32 HAZARD COMPLETED MANOEUVRE? */ 
{t s t _ h e d o n e , "standon", 
{0, AHEAD, 1, 1, { A l l C l e a r l , A l l C l e a r 2 } } , 
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References e l , e2 are concerned vrith sensor-based r e a l - t i m e expert 
systems. The s u b j e c t matter o f t h i s t h e s i s i s considered t o f i t broadly 
i n t o t h i s area of study. 
References e 3 - e l l r e l a t e t o mathematical c o n s i d e r a t i o n s i n respect of 
p o t e n t i a l c o l l i s i o n s i t u a t i o n s and avoidance manoeuvring. This i n c l u d e s 
the concepts of domains and manoeuvring areas. 
References e l 2 - e l 9 deal w i t h the t o p i c s o f c o l l i s i o n s and c o l l i s i o n 
avoidance from a s t r a t e g i c v i e w p o i n t . 
References e20-e23 consider the s u b j e c t s o f manoeuvring c h a r a c t e r i s t i c s 
and manoeuvring mathematical models f o r v a r i o u s types of vessels. 
References e24-e27 g i v e c o n s i d e r a t i o n t o the human f a c t o r s i n v o l v e d i n 
maritime c o l l i s i o n s i t u a t i o n s . These are c l e a r l y fundamental to the 
s t y l e and content of any i n f o r m a t i o n presented t o the mariner by a 
system such as the one described i n t h i s t h e s i s . 
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References e28-e31 g i v e an overview o f the s i t u a t i o n w i t h respect to 
e l e c t r o n i c c h a r t i n g . As h i g h l i g h t e d i n t h i s t h e s i s , s u b s t a n t i a l f u r t h e r 
developments are s t i l l needed i n t h i s area b e f o r e a r e l i a b l e standard i s 
a v a i l a b l e f o r processing by any computerised navigation/guidance system. 
I n the paper c i t e d as reference e32, Grabowski describes a rule-based 
system designed t o a i d p i l o t s and o f f i c e r s on watch aboard l a r g e vessels 
i n New York harbour. S u b s t a n t i a l c o n s i d e r a t i o n i s g i v e n t o the pressures 
on those on watch, p a r t i c u l a r l y the problem of ' i n f o r m a t i o n o v e r l o a d ' 
when e n t e r i n g or e x i t i n g a busy harbour. The system i s described as a 
d e c i s i o n support system, intended t o present r e l e v a n t i n f o r m a t i o n i n a 
c l e a r and meaningful form. The system uses a combination o f frames, 
which hold i n f o r m a t i o n , and p r o d u c t i o n r u l e s which process t h a t 
i n f o r m a t i o n and draw i n f e r e n c e s , l e a d i n g t o p e r t i n e n t a dvice. This 
P i l o t i n g Expert System was developed on a Symbolics 3670 LISP processor, 
using the Knowledge Engineering Environment. The user i n t e r f a c e uses a 
mouse f o r i n p u t , w i t h s e l e c t i o n from h i e r a r c h i c a l menu s t r u c t u r e s . 
Output i s i n the form of b r i e f t e x t u a l statements, g i v i n g recommended 
a c t i o n . The system was evaluated by t r i a l s on a s h i p s i m u l a t o r , the 
s u b j e c t s being s e n i o r cadets a t the US Merchant Marine Academy. Results 
showed a s u b s t a n t i a l improvement i n watch team performance as a 
consequence of using the system. A s i m i l a r system i s now under 
development f o r US tankers t r a n s i t i n g the G u l f o f Alaska. 
I n the paper c i t e d as reference e34, I n a i s h i e t a l i n v e s t i g a t e the use 
of neural nets t o address the c o l l i s i o n avoidance problem. An expert 
page
s h i p operator provides the t r a i n i n g data f o r the system. The output from 
the nets has been found t o be i n agreement w i t h the expert's d e c i s i o n s 
as circumstances change. The paper a l s o discusses the q u a l i t y of the 
supervised t r a i n i n g data. T h i s work i s a development of t h a t described 
i n the paper c i t e d as reference e33. d e t a i l i n g a rule-based system of 
some 300 r u l e s . 
The Ph.D. t h e s i s c i t e d as reference e35 o u t l i n e s the development of a 
rule-based system f o r marine c o l l i s i o n avoidance. Coenen uses Prolog i f -
then production r u l e s t o develop a number o f r u l e bases, f o r c l e a r 
v i s i b i l i t y , r e s t r i c t e d v i s i b i l i t y , emergency s i t u a t i o n s e t c . The 
knowledge held by the system i s held i n frames. I n these respects the 
system i s s i m i l a r i n s t r u c t u r e t o t h a t o f Grabowski (above). The r u l e s 
are centred around the c o l l i s i o n avoidance r e g u l a t i o n s , i n t e r p r e t e d by 
good p r a c t i c e as observed i n the a c t i o n s o f experienced mariners. The 
r u l e bases may be extended by the simple a d d i t i o n of f u r t h e r i f - t h e n 
p r o d u c t i o n r u l e s . C l e a r l y , extension o f the r u l e bases leads t o a 
corresponding ( l i n e a r ) increase i n the search time f o r the r u l e 
a p p l i c a b l e i n a p a r t i c u l a r case- This c o n t r a s t s w i t h the b i n a r y t r e e 
form o f the r u l e s t r u c t u r e described i n t h i s t h e s i s , i n which the search 
time increases only l o g a r i t h m i c a l l y w i t h the number of r u l e s ; i n a r e a l -
time system, such a c o n s i d e r a t i o n could a f f e c t the expansion p o t e n t i a l 
of the r u l e s t r u c t u r e . 
Coenen's work i n c l u d e s r u l e s f o r m u l t i - s h i p encounters, and a l l o w s f o r 
hampered vessels. The user i n t e r f a c e c o n s i s t s o f t e x t s t r i n g i n p u t , w i t h 
a simple parser t o s e l e c t key words, t e x t u a l output and a s i m u l a t e d 
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radar d i s p l a y . The system has been evaluated by a number of experienced 
mariners on a v a r i e t y o f encounters run on a s h i p s i m u l a t o r , and found 
t o deal s a t i s f a c t o r i l y w i t h those s i t u a t i o n s ; i t has als o been shown t o 
deal competently w i t h circumstances which l e d t o two well-documented 
h i s t o r i c a l cases of shipping d i s a s t e r s . Some p r e l i m i n a r y work i s a l s o 
i n c l u d e d on accommodating c h a r t data i n t o t h e d e c i s i o n process, using a 
quadtree s t r u c t u r e t o hold r e l e v a n t c h a r t i n f o r m a t i o n . 
Reference e36 c i t e s advanced developments i n a shipboard system which 
has been s u c c e s s f u l l y t e s t e d on-board the t r a i n i n g s h i p S h i o j i Maru, 
over a period of a month i n congested t r a f f i c o f f Tokyo Bay. The system 
i s l i n k e d i n t o an experimental c o n t r o l system, using ARPA f o r i n p u t of 
hazard data and an o p t i c a l f i b r e l o c a l area network f o r sensor i n p u t and 
c o n t r o l systems. The system provides c o l l i s i o n avoidance ad v i c e , and may 
o p t i o n a l l y be used t o d i r e c t l y c o n t r o l the v e s s e l . 
The system considers a l t e r n a t i v e o p t i o n s through a sequence of branches 
which between them form a complete manoeuvre. By e v a l u a t i o n o f a cos t 
f u n c t i o n , i t then s e l e c t s the optimum r o u t e f o r hazard avoidance; the 
main c r i t e r i o n f o r a safe manoeuvre i s p r e s e r v a t i o n o f the i n t e g r i t y o f 
a c i r c u l a r domain centered on own-ship. I n both of these respects t h i s 
work m i r r o r s the a c t i o n s of the system which i s the sub j e c t of t h i s 
t h e s i s . The output d i s p l a y i n c l u d e s p r e f e r r e d t r a c k superimposed upon an 
e l e c t r o n i c c h a r t , a screen showing c u r r e n t n a v i g a t i o n data (speed, 
heading, i n f o r m a t i o n on t a r g e t ship e t c . ) and a d i s p l a y of t h e r u l e s 
used f o r the i n f e r e n c e process. The system uses the OPS 5 so f t w a r e t o o l , 
a high-speed forward i n f e r e n c i n g package. 
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